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A B S T R A C T   

Introduction: COVID-19 Associated Mucormycosis (CAM), an opportunistic fungal infection, surged during the 
second wave of SARS Cov-2 pandemic. Since immune responses play an important role in controlling this 
infection in immunocompetent hosts, it is required to understand immune perturbations associated with this 
condition for devising immunotherapeutic strategies for its control. We conducted a study to determine different 
immune parameters altered in CAM cases as compared to COVID-19 patients without CAM. 
Methodology: Cytokine levels in serum samples of CAM cases (n = 29) and COVID-19 patients without CAM (n =
20) were determined using luminex assay. Flow cytometric assays were carried out in 20 CAM cases and 10 
controls for determination of frequency of NK cells, DCs, phagocytes, T cells and their functionalities. The 
cytokine levels were analyzed for their association with each other as well as with T cell functionality. The 
immune parameters were also analyzed with respect to the known risk factors such as diabetes mellitus and 
steroid treatment. 
Results: Significant reduction in frequencies of total and CD56 + CD16 + NK cells (cytotoxic subset) was noted in 
CAM cases. Degranulation responses indicative of cytotoxicity of T cell were significantly hampered in CAM cases 
as compared to the controls. Conversely, phagocytic functions showed no difference in CAM cases versus their 
controls except for migratory potential which was found to be enhanced in CAM cases. Levels of proinflammatory 
cytokines such as IFN-γ, IL-2, TNF-α, IL-17, IL-1β, IL-18 and MCP-1 were significantly elevated in cases as 
compared to the control with IFN-γ and IL-18 levels correlating negatively with CD4 T cell cytotoxicity. Steroid 
administration was associated with higher frequency of CD56 + CD16- NK cells (cytokine producing subset) and 
higher MCP-1 levels. Whereas diabetic participants had higher phagocytic and chemotactic potential and had 
higher levels of IL-6, IL-17 and MCP-1. 
Conclusion: CAM cases differed from the controls in terms of higher titers of proinflammatory cytokines, reduced 
frequency of total and cytotoxic CD56 + CD16 + NK cell. They also had reduced T cell cytotoxicity correlating 
inversely with IFN-γ and IL-18 levels, possibly indicating induction of negative feedback mechanisms while 
diabetes mellitus or steroid administration did not affect the responses negatively.   
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1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic infected more 
than 600 million people that resulted in a death toll of about more than 
6.5 million people worldwide (WHO, 2022). In addition to acute res
piratory disease, the patients suffered from various extrapulmonary 
complications and also post-COVID long-term consequences (Al-Kur
aishy et al., 2022a; Al-Kuraishy et al., 2022e; Batiha et al., 2022b). The 
second wave of the pandemic faced a sudden emergence of mucormy
cosis co-infections worldwide, particularly in India. Mucormycosis is a 
highly invasive opportunistic fungal infection affecting patients with 
immunocompromised conditions. Mucormycosis is mainly caused by 
ubiquitous fungi such as Rhizopus, Absidia, Rhizomucor and Mucor 
belonging to the Order- Mucorales, Class- Zygomycetes (Eucker et al., 
2001). Immunity plays an important role in protection against fungal 
diseases and hence cases of mucormycosis have been reported to be 
associated with immunosuppressive therapy especially in patients with 
haematological malignancies and organ transplantation (Lamoth et al., 
2017). Patients with neutropenia and uncontrolled diabetes also 
demonstrate increased susceptibility to acquiring this infection (Khanna 
et al., 2021; Tansir et al., 2017). Rapid progression and high mortality in 
mucormycosis may be attributed to its invasiveness, lack of safe and 
effective treatment alternatives as well as to the failure of the immune 
system to clear the pathogens. 

Protective immune mechanisms in mucormycosis still remain 
elusive. The innate immune system acts as the first line of defense 
mechanism against the growth and invasion by mucorales. Innate im
mune cells, especially macrophages, act as the main effector cells for 
eliminating fungal spores through phagocytosis (Nicolas et al., 2020). 
The fungal spores start germinating if they are not contained and 
eliminated by the innate immune system, leading to the establishment of 
infection (Hassan and Voigt, 2019). Immunosuppressive therapy espe
cially with corticosteroids as well as uncontrolled diabetes are known to 
impair phagocytic functions, increasing susceptibility to fungal in
fections (Lecube et al., 2011; Philippe et al., 2003). Natural killer (NK) 
cells are known to exert direct antifungal activity through cytotoxicity 
and indirectly by releasing different cytokines (Schmidt et al., 2017). 
Conversely, mucorales have shown to exhibit immunosuppressive ef
fects on NK cells (Schmidt et al., 2013). Adaptive immune response has 

been thought to play a less significant role in protection against 
mucormycosis (Ghuman and Voelz, 2017). Th1 and Th17 cells are 
considered to be mediating protection in mucormycosis as against Th2 
cells, which might increase susceptibility to fungal infections (Borghi 
et al., 2014). Cytokines and chemokines secreted by different immune 
cells also play an important role in mounting protective immune 
response. 

Fig. 1 depicts the possible host factors in COVID-19 patients making 
them susceptible to superinfection by mucorales. The exact immuno
pathogenic mechanisms underlying the association between COVID-19 
and mucormycosis are not fully understood, but it has been suggested 
that the dysregulation of the immune response and the overproduction 
of proinflammatory cytokines may play a role. The COVID-19 disease 
has been shown to be associated with pronounced perturbations in 
innate and adaptive immune responses (Babalghith et al., 2022; Kuri- 
Cervantes et al., 2020). Additionally, preexisting conditions like dia
betes mellitus, usage of corticosteroids and other immunotherapeutic 
agents such as tocilizumab contributed significantly to immune dysre
gulation in these patients, increasing the risk of acquiring mucormycosis 
(Bhogireddy et al., 2021). Downregulation of Angiotensin-converting 
enzyme 2 (ACE2) activity due to SARS CoV2 spike protein with resul
tant Angiotensin II upregulation also promotes proinflammatory and 
prothrombotic responses, hyperglycemia as well as Glucose Related 
Protein 78 (GRP78) and Spore Coat Protein Homologs (CoTH) interac
tion facilitating superinfection with mucorales (Abassi et al., 2020; Ali 
and Spinler, 2021; Gumashta and Gumashta, 2021). It is critical to 
carefully balance the immune responses while treating COVID-19 and 
other infectious diseases to avoid complications such as secondary in
fections and to maximize the effectiveness of immune responses against 
pathogens. It is, therefore, important to determine immune perturba
tions in patients with COVID-19 associated mucormycosis and compare 
them against immune profiles of COVID-19 cases who did not have 
mucormycosis. This might help understand immunopathogenesis of 
COVID-19 Associated Mucormycosis (CAM) and might also help devise 
immunotherapeutic or prophylactic strategies. The present investigation 
was conducted having such perspective in consideration. 

Fig. 1. Risk factors playing role in COVID-19 associated mucormycosis (CAM): Host factors in COVID-19 patients contributing to their increased susceptibility to 
development of mucormycosis are displayed in the figure. 
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2. Methods 

2.1. Study population 

Immunological studies were conducted at ICMR-NARI and ICMR- 
NIIH as part of a multi-site case control investigation in India (Anand 
et al., 2022). The study participants were enrolled from D.Y. Patil 
Medical College and Hospital, Pune and Grant Government Medical 
College and J J group of Hospitals, Mumbai. Approvals were obtained 
from the respective institutional ethics committees prior to initiation of 
the study. Written informed consent was obtained from all participants 
recruited in the present investigation. A case of CAM was considered as a 
COVID-19 patient suspected of mucormycosis based on clinical pre
sentation and confirmed microbiologically for the same. Controls were 
randomly enrolled from COVID-19 patients admitted or discharged 
within 3–4 weeks of diagnosing a CAM case in the same hospital and 
without the diagnosis of mucormycosis. To prevent misclassification 
bias, nasal swabs were collected from the controls at enrolment and 
subjected to direct microscopy of the wet mount with KOH to rule out 
the presence of mucormycosis in them. The detailed methodology for 
selecting cases and controls has been described elsewhere (Anand et al., 
2022). Cases and controls for immunological investigations were 
selected based on the criteria of age more than 18 years and consenting 
to an approximately 16 ml blood draw. Granulocytes and peripheral 
blood mononuclear cells (PBMCs) were separated from heparinized 
blood and serum samples were separated from plain vacutainer for 
storage in the LN2 cryostorage system and − 80 ◦C till their use, 
respectively. 

2.2. PBMC and granulocyte Isolation, freezing and revival 

PBMC and Granulocytes were isolated by density gradient centrifu
gation using Histopaque 1077 (Sigma, H8889) and GranuloSepTM GSM 
1119 (HiMedia), respectively (Slifkin and Cumbie, 1992). They were 
washed twice, and suspended in RPMI (Sigma) supplemented with 10% 
FBS and antibiotics (penicillin, 10,000 IU/ml; streptomycin, 10 mg/ml) 
(Sigma), hereafter referred to as complete medium. The PBMC were 
stored in a freezing medium consisting of fetal bovine serum with 10% 
dimethyl sulfoxide, while Granulocytes were stored in a freezing me
dium containing autologous plasma and 10% dimethyl sulfoxide. The 
samples were required to be collected on an urgent basis while the pa
tients were still admitted without waiting for availability of all the 
required consumables. Hence cryopreserved cells were used for the as
says after standardizing procedure for cryopreservation and revival of 
granulocytes to get more than 70% recovery and viability as per the 
previously published literature (Boonlayangoor et al., 1980; Richman, 
1983). The frozen PBMCs and Granulocytes were stored in liquid ni
trogen. PBMC and Granulocytes were revived to assess their phenotype 
and functionality. Granulocytes were quickly thawed at 37 ◦C, washed 
with RPMI supplemented with 20% autologous plasma and rested for 2 
h. PBMCs were also quickly thawed at 37 ◦C, washed with RPMI sup
plemented with 20% fetal bovine serum, rested for 2 h, and then pro
cessed further. 

2.3. Flow cytometry assays to assess phenotype and functionality of 
immune cells 

NK cell phenotypes were determined using markers such as anti CD3- 
APC (Clone HIT3a/ SK7), anti CD16-FITC (Clone 3G8), anti CD56-PE 
(Clone NCAM 16.2) (Clone B27) (All antibodies were procured from 
BD Biosciences, San Jose, CA) as per a previously published literature 
(Kulkarni et al., 2014). NK cell functionality was assessed by expression 
of CD107a-APC Cy-7 and intracellular IFN-γ PECy-7 after stimulating 
them with PMA (1 ng /ml) and Ionomycin (2 μM) for 4 h. 

Frequency and activation status of Dendritic cells were analyzed by 
using antibodies against the surface markers consisting of Lineage 1 

Cocktail-FITC, anti HLA-DR-Percp-Cy5.5 (Clone L243), anti CD11c-APC 
(Clone S-HCL-3), anti CD123-PECy-7 (Clone 7G3), anti CD86-PECF594 
(Clone 2331 FUN-1), and anti CD80-APC Cy-7 (Clone L307.4) (BD 
Biosciences, San Jose, CA) (Dhamanage et al., 2017; Donaghy et al., 
2001). 

Phagocytic activity and Respiratory Burst were determined using the 
Phagocytosis Assay kit and Respiratory Burst Assay Kit (Abcam, Cam
bridge, UK), respectively, as per the manufacturers’ instructions with 
the addition of a Live-Dead marker. Respiratory burst was assessed using 
a positive control included in the kit and incubating the cells at 37 ◦C for 
20 min. The cell Migration/Chemotaxis Assay Kit (Abcam, Cambridge, 
UK) utilized a Boyden chamber, where the cells migrate through a 
semipermeable membrane under a migration inducer included in the kit. 

For T cell assay, stimulation of PBMCs (1x106 cells per tube) was 
done with a 16-mer Peptide MGQTNDGAYRDPTDNN from CotH3 
(Chibucos et al., 2016) along with co– stimulatory anti-human anti 
CD28 and CD49d antibodies (eBioscience, San Diego, CA, USA). PMA (1 
ng /ml) and Ionomycin (2 μM) were used as a positive control. Anti 
CD107-APC Cy-7 (Clone H4A3) was added at the time of stimulation for 
assessing the expression of the degranulation marker. Golgi stop Bre
feldin A (10ug/ml- final concentration) (eBioscience, San Diego, CA, 
USA) was added after 2 h of incubation of the in vitro cell culture. The 
cells incubated overnight were further stained with antibodies against 
surface markers for 30 min at room temperature in the dark. The cells 
were lysed, permeabilized, and stained with intracellular antibody anti 
IFN-γ-PECy-7 (Clone B27) for 30 min in the dark. Antibody cocktail for T 
cell surface markers included anti CD3-APC (Clone HIT3a/ SK7), anti 
CD4-FITC (Clone RPA-T4) and anti CD8-PE (Clone RPA T8) (BD Bio
sciences, San Jose, CA). After staining, the cells were acquired within 24 
h to get 100,000 gated events on FACS Aria Fusion (BD Biosciences). The 
data was analyzed using FlowJo version 8.0.3. 

2.4. Luminex based assays to assess levels of proinflammatory cytokines 

Bio-Plex Pro Human Cytokine Screening Panel (Bio-Rad, USA) was 
used for evaluation of pro inflammatory cytokines (IFN-γ, IL-1β, IL-2, IL- 
6, IL-8, IL-18, IL17A, MCP-1, TNF-α) according to the manufacturer’s 
instruction. Ready to use reagents are available in the kit that consisted 
of standards and a 96-well plate. The protocol was designed such that 50 
µL of samples/ standards were added to antibody-conjugated magnetic 
beads and incubated for one hour at room temperature. Biotinylated 
detection antibody was added to the magnetic beads after a washing 
step. This resulted in the formation of the sandwich complex. This was 
followed by the addition of streptavidin –phycoerythrin conjugate to the 
mixture. Cytokine concentrations were determined using a Bio-Plex 200 
system (Bio-Rad, USA). Data acquisition was performed using Bio Plex 
Manager 6.0 software (Bio-Rad, USA). A standard curve was made using 
the standards provided by the manufacturer and was used to present the 
concentration of tested cytokines in terms of picogram per milliliter. 
Sensitivity of the assay to detect the required cytokines was below 1 pg/ 
ml (Bio-Rad Laboratories, 2016; 2019). 

3. Statistical analysis 

Data analysis was done using GraphPad prism version 9.0 software. 
Data is presented as numbers and percentages or median and inter
quartile range (IQR). Doses of steroids such as dexamethasone, methyl 
prednisolone and hydrocortisone were converted to equivalent doses of 
prednisolone and multiplied with the duration to obtain the cumulative 
dose administered. Significance between the two groups was deter
mined by the Mann-Whitney U test for continuous variables and Fisher’s 
exact test for categorical variables. Responses to stimuli were compared 
by Wilcoxon signed rank test between unstimulated and treated cells. 
Correlation analysis was conducted using a non-parametric Spearman 
test. The differences with p values ≤ 0.05 were considered statistically 
significant. 
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4. Results 

4.1. Study population 

Profiles of the cases and controls enrolled for immunological study 
are presented in Table 1, which also summarizes known risk factors for 
mucormycosis such as steroid treatment, diabetes mellitus, and neu
tropenia. Cases and controls analyzed for immunological parameters did 
not differ in their socio-demographic characteristics and presence of risk 
factors, except for the proportion affected by diabetes mellitus, which 
was found to be significantly higher in cases than in controls. Cases were 
also found to present with a more severe form of COVID-19 at the time of 
diagnosis than the controls as assessed by the World Health Organiza
tion (WHO) ordinal scale (Characterisation and Management of, 2020). 
None of the study participants had neutropenia as suggested by their 
absolute neutrophil counts being higher than 1500 cells/mm3. 

4.2. Frequency and functionality of peripheral NK cells and their subsets 
in COVID-19 patients with and without mucormycosis 

Peripheral NK cell percentages and their subsets were evaluated as 
per the previously published gating strategy (Kulkarni et al., 2014) in 
CAM cases and COVID-19 patients (controls). Dot plots showing the 
gating strategy is presented in Fig. 2(a–f). Controls showed a signifi
cantly higher percentage of both total NK (p = 0.0211) and the CD56 +
CD16 + NK cells (p = 0.048) as compared to the CAM cases. There was 
no significant difference in the functional parameters of NK cells be
tween the cases and the controls as shown in Fig. 2 (g-l). 

4.3. Frequency of myeloid dendritic cells (mDCs) and plasmacytoid 
dendritic cells (pDCs) in COVID-19 patients with and without 
mucormycosis 

The frequency of myeloid dendritic cells (mDCs) and plasmacytoid 
dendritic cells (pDCs) assessed using markers selected as per the previ
ously published literature (Dhamanage et al., 2017; Donaghy et al., 
2001) did not differ significantly in the present study groups (Fig. 3). 
The functional analytes which included the expression of co-stimulatory 
molecules, CD80 and CD86 also did not show any significant difference 
between them. The gating strategy used for identification of the DC 

subset is presented in Fig. 3(a–f). 

4.4. Estimation of phagocytic cell functionality in COVID-19 patients with 
and without mucormycosis 

Functionality of mononuclear and polynuclear phagocytes was 
assessed after reviving the PBMCs and granulocytes. The average 
viability of granulocytes and mononuclear cells after revival was more 
than 80% as assessed by flow cytometry using a viability marker. 
Phagocytic functionalities among cases and controls were assessed by 
zymosan particle uptake, chemotactic activity and the respiratory burst 
on PMA stimulation. There was no difference in the phagocytic func
tionalities when compared between cases and control except for the 
chemotactic activity (Fig. 4). Monocyte in the cases were found to have 
more migratory potential than the control group in the presence and 
absence of a migration inducer (p = 0.0068 and 0.0078, respectively). 

4.5. Estimation of T cell functionality in COVID-19 patients with and 
without mucormycosis 

T cell functionality in the study was assessed by expression of 
CD107a, a degranulation marker and intracellular IFN-γ expression after 
stimulation with PMA/Ionomycin and the CotH3 peptide (Fig. 5). 
Controls had higher percentages of CD107a expressing CD3+ (p =
0.0261), CD4+ (p = 0.0055) and CD8+ (p = 0.0329) cells after stimu
lation with PMA and Ionomycin than in the cases. There were no sig
nificant differences in terms of IFN-γ expression as well as 
polyfunctionality as assessed by combined expression of both the 
markers among cases and controls. Not much response was detected 
after stimulation of cells of cases as well as controls by the CotH3 peptide 
and hence the results are not shown. 

4.6. Serum cytokine profile in COVID-19 patients with and without 
mucormycosis 

The pro-inflammatory cytokines among the case and control group 
were analyzed using the Bio-Plex Pro Human Cytokine Panel (Bio-Rad, 
USA). It was observed that IFN-γ (p < 0.0001), IL-2 (p = 0.0070), TNF-α 
(p = 0.0018), IL-17 (p = 0.0018), IL-1β (p = 0.0056), IL-18 (p = 0.009) 
and MCP-1 (p = 0.0017) were significantly elevated in cases in com
parison to the controls as shown in Fig. 6. Also, IL-6 was found to be 
elevated in the case group as compared to the control group, but the 
difference was not significant. 

4.7. Cytokine responses to spore protein in COVID-19 patients with and 
without mucormycosis 

Cytokine responses elicited by spore protein in PBMCs from cases 
and controls are shown in Fig. 7. Spore protein elicited proinflammatory 
cytokine responses in cases as evident by significant rise in the levels of 
IL-1b (p = 0.0066), IL-2 (p = 0.0006), IL-6 (p = 0.009), IL-8 (p =
0.0016), IL-18 (p = 0.0001), MCP-1 (p = 0.0007) and TNF-a (p =
0.0483) in supernatants of the simulated cells versus their unstimulated 
counterparts. As compared in cases, the proinflammatory cytokine re
sponses were lower in controls as there was significantly higher secre
tion of only IL-2 (p = 0.0039) and IL-18 (p = 0.0039) after spore protein 
stimulation than the unstimulated cells. There was significant suppres
sion of IL-17 (p = 0.0039) secretory response after stimulation with the 
spore protein in controls. 

4.8. Correlation of serum cytokines with each other: 

Serum cytokines levels were further analysed to determine if they 
correlate with each other. The Heatmap presented in Fig. 8 illustrates 
the coefficient of correlation between different cytokine levels and their 
level of significance. IFN-γ was found to be positively correlated with IL- 

Table 1 
Profiles of cases and controls.   

Cases (n = 29) Controls (n =
20) 

p-value 

Age, years: Median (IQR) 49 (39–56) 40.5 (31–58.5)  0.3315 
Males: n (%) 23 (79.31%) 15 (75%)  0.722 
Severity score by WHO Clinical 

Progression Scale: Median 
(IQR) 

5 (5–7) 4 (4–6)  0.0087 

Steroid received at the time of 
admission: n (%) 

7(24.14) 9 (45.00)  0.126  

• Oral corticosteroids 1 (11.11) 1(14.29)  0.849  
• Parenteral corticosteroids 6 (85.71) 8 (88.89)  0.849 
Type of steroid: n (%)    0.066  
• Dexamethasone 2 (28.57) 6 (66.67)   
• Methyl prednisolone 1 (14.29) 2 (22.22)   
• Prednisolone 0 1 (11.11)   
• Hydrocortisone 4 (57.14) 0  
Duration of steroid, days: Median 

(IQR) 
2 (1–6) 6 (4–7)  0.1346 

Cumulative dose of prednisolone 
equivalent, mg: Median (IQR) 

37.5 (25–150) 237.6 
(158.4–350)  

0.1252 

Number with diabetes mellitus: n 
(%) 

23 (79.31%) 2 (10.00%)  <0.001 

Absolute Neutrophil count, cells/ 
mm3: Median (IQR) 

4860 
(3780–7475) 

5575 
(4403–10685)  

0.555 

Percent Neutrophil count, %: 
Median (IQR) 

71.50 
(58–79)% 

72 (63–83)%  0.500  
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Fig. 2. Estimation of NK cell percentages in patients with COVID-19 and mucormycosis (n = 20) compared to patients with COVID-19 (n = 10). (a-f) Representative 
flow cytometry plots showing gating strategy used for analysis of NK cells are presented. Lymphocytes identified by forward and side scatter were further gated for 
identification of the NK cells using the markers displayed in the figure. (g) Percentages of total natural killer (NK) cell (h) Percentages of CD56 + CD16 + NK cells (i) 
Percentage of CD56 + CD16- NK cells, (j-i) NK cell functionality after stimulation with PMA: (j) Percentage of CD 107a + NK cells (k) Percentage of IFN-γ + NK cells 
(l) Percentage of CD 107a and IFN-γ + NK cells are shown in the figure. Histograms and error bars represent median ± IQR of the percentages. 
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Fig. 3. Estimation of mDCs and pDCs in 
patients with COVID-19 and mucormy
cosis (n = 20) compared to patients with 
COVID-19 (n = 10). (a-f) Representative 
flow cytometry plots showing gating 
strategy used for analysis of dendritic cells 
are presented. Markers used for identifi
cation of dendritic cells are displayed in 
the figure. (g) Percentage of mDCs.(h) 
Percentage of pDCs (i) Percentage of 
CD80 + mDCs (j) Percentage of CD86 +
mDCs are shown in the figure. Histograms 
and error bars represent median ± IQR of 
the percentages.   
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1β (ρ = 0.541, p = 0.002), IL-2 (p = 0.534, p = 0.003), IL-18 (r = 0.530, 
p = 0.003), MCP-1 (r = 0.515, p = 0.004) and TNF-α (r = 0.505,p =
0.005). IL-1β additionally correlated with IL-2 (r = 0.804, p < 0.0001), 
IL-18 (r = 0.905, p < 0.0001) and TNF-α (r = 0.807, p < 0.0001). IL-2 
further correlated with IL-18 (r = 0.812, p < 0.0001), TNF-α (r =
0.702, p < 0.0001) and IL-18 with TNF-α (r = 0.808, p < 0.0001). 
Whereas IL-6 (r = 0.438, p = 0.018) and IL-8 (r = 0.491, p = 0.007) 
correlated only with MCP-1. 

4.9. Correlation of serum cytokines with T cell cytotoxicity 

Serum cytokine levels were also correlated with CD4 + and CD8 + T 
cell cytotoxicity as assessed by CD107a expression and results are pre
sented in Table 2. The CD4 + T cell expressing CD107a showed 

significant negative correlation with IFN-γ (r = -0.0420, p = 0.0233), IL- 
8 (r = -0.374, p = 0.0459) and IL-18 (r = -0.447, p = 0.0151). The cy
tokines failed to show any correlation with CD8 + T cells expressing 
CD107a. 

4.10. Association of risk factors with immune perturbations 

Immune parameters were compared in patients with and without 
steroid treatment for COVID-19 as well as among those with and without 
diabetes to determine if they differed as per risk factors (Fig. 9). Steroid 
treatment influenced frequency of CD56 + CD16- NK cells (p = 0.0157) 
and MCP-1 (p = 0.0294) levels, both of which were found to be higher in 
patients on steroids, whereas presence of diabetes was associated with 
higher neutrophilic phagocytosis (p = 0.0374) and chemotactic 

Fig. 4. Estimation of phagocytic cell functionality in cases (n = 20) and control (n = 10) groups. (a,b) Histogram showing zymosan particle phagocytosis by 
monocytes (a) and neutrophils (b), (c,d) Histogram showing respiratory burst activity demonstrated by monocytes (c) and neutrophils (d) as indicated by rhodamine 
123 fluoroscence, (e,f) Dot plots showing Phagocytic cell activity of mononuclear cells and neutrophils (g,h) Dot plots showing Respiratory burst activity of 
mononuclear cells and neutrophils. (i,j) Dot plots showing number of cells exhibiting chemotactic migration without inducer (P = 0.0068) and with inducer (P =
0.0078). Horizontal lines in the dot plots represent median values. 
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Fig. 5. Estimation of acquired immune 
response in the patients with COVID-19 
associated mucormycosis (n = 20) 
compared to patients with COVID − 19 
(n = 10). (a–f) Representative flow 
cytometry plots showing gating strat
egy used for analysis of CD4 + and 
CD8 + T cells are presented. Lympho
cytes identified by forward and side 
scatter were further gated for identifi
cation of the T cells using the markers 
displayed in the figure. (g–i) Percent
age of CD107a expressing CD3+, CD4 
+ and CD8 +. (j–l) Percentage of IFN-γ 
expressing CD3+, CD4 + and CD8 +. 
(m–o) Percentage of CD107a and IFN-γ 
in unison expressing CD3+, CD4 + and 
CD8 after stimulation with PMA and 
Ionomycin are shown in the figure. 
Histograms and error bars represent 
median ± IQR of the percentages.   
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migration of phagocytes (p = 0.0130), levels of IL-6 (p = 0.0156), IL-17 
(p = 0.0075). MCP-1 (p = 0.0401) was also found to be higher in pa
tients with diabetes compared to those without it. The rest of the pa
rameters did not show any significant difference in the presence or 
absence of these two risk factors. 

5. Discussion 

Several studies have been conducted to determine risk factors asso
ciated with CAM so as to help devise strategies to control it. Mucor
mycosis being an opportunistic infection, mainly affects 
immunocompromised hosts, indicating the importance of immune re
sponses in its control. Hence, it is important to focus on different im
mune responses and deficiencies associated with this condition in 
addition to studies identifying risk factors associated with it. We 
enrolled CAM cases and COVID-19 controls to study the immune 

responses associated with the condition. Our cases differed from the 
controls in terms of having a higher COVID-19 severity score and a 
higher proportion suffering from diabetes as also reported earlier (John 
et al., 2021). Since innate immune mechanisms serve as a first line of 
defense, they are considered to be of the utmost importance in con
trolling it. We focused on different innate immune cells such as neu
trophils, monocytes, DCs and NK cells to determine if their frequencies 
and / or functionalities differ between the cases and the controls. NK 
cells, especially CD56 + CD16 + subpopulation of NK cells which is 
shown to predominantly mediate cytotoxic functionalities (Cooper et al., 
2001), were found to be higher in controls as compared to the cases 
indicating compromised NK cell responses associated with mucormy
cosis. Although CD107a expression was marginally higher in controls 
and IFN-γ secretion was higher in cases following stimulation with 
PMA/Ionomycin, they failed to show any statistical significance. 
Noticeably, fungal infections have been shown to suppress NK cell 

Fig. 6. Concentration of cytokines in serum samples of the patients with COVID-19 and mucormycosis (n = 29) compared to patients with COVID-19 (n = 20). 
Histograms represent the levels expressed as median ± IQR of (a) IFN-γ, (b) IL-2, (c) TNF-α, (d) IL-17a, (e) IL-1b, (f) IL-6, (g) IL-8, (h) IL-18 and (i) MCP-1. 
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activity (Schmidt et al., 2017; Schmidt et al., 2013) and hence are likely 
to be associated with reduced NK cell frequency as well as functionality 
as shown in previous reports (Akiba et al., 2001; Chen et al., 2021). 

As against NK cells, myeloid and plasmacytoid dendritic cells failed 
to show significant difference in frequency as well as expression of CD80 
and CD86, costimulatory receptors involved in antigen presentation. 
Phagocytic functions mediated by neutrophils as well as macrophages 
have been shown to be the mainstay of protection from mucormycosis 
(Ibrahim et al., 2012). However, similar to DCs, phagocytic functions 
did not seem to be adversely affected in CAM cases as against their 
COVID-19 controls. Functionality of phagocytes was assessed by 3 
different assays, such as phagocytic ability, respiratory burst and 
chemotactic potential. Neutrophils as well as monocytes did not differ 
between cases and controls in their ability to phagocytize zymosan 
particles as well as in mounting respiratory burst response to PMA 
stimulation. However, monocytes in the cases were found to be more 
responsive to chemotactic stimuli, possibly indicating their increased 
activation in comparison to controls. Absolute and percentage neutro
phil counts were also found to be similar in cases and controls in our 
study although neutropenia has been shown to act as a risk factor for 
developing mucormycosis (Spellberg et al., 2005). 

Further, innate immune cells after activation, secrete a variety of 
pro-inflammatory cytokines. COVID-19 is also characterized by hyper- 
inflammation and raised levels of circulating pro-inflammatory cyto
kines (Webb et al., 2020). When we assessed the pro-inflammatory 

cytokine levels to determine if they differed between case and control 
groups, we found that the levels of all the cytokines except IL-8 were 
significantly raised in cases as compared to controls. Mucoralean fungi 
have been shown to induce secretion of pro-inflammatory cytokines 
from PBMCs (Wurster et al., 2017), which might have caused heightened 
cytokine responses in our CAM cases. We also assessed cytokine secre
tory responses of PBMCs from our cases and controls after stimulation 
with CotH3 spore peptide. Proinflammatory cytokines were mainly 
released by PBMCs from cases after stimulation with spore peptide. The 
plasma levels of the cytokines were also checked to determine possible 
associations between them. IFN-γ, IL-2, TNF-α, IL-18, and IL-1β showed 
significant positive correlations with each other. While IL-6 and IL-8 
mainly correlated with MCP-1. IL-1β and IL-18 belong to the IL-1 cyto
kine family and are secreted by activated macrophages (Van Den 
Eeckhout et al., 2020). They have been shown to promote T helper 1 
(Th1) cell differentiation (Van Den Eeckhout et al., 2020), which might 
explain their strong correlations with Th1 cytokines like IFN-γ, IL-2, and 
TNF-α, indicating their association with adaptive immune responses. 
Whereas IL-8 and MCP-1 are mainly the components of innate immunity 
and act by serving as chemoattractants for neutrophils (Henkels et al., 
2011) and macrophages (Deshmane et al., 2009), respectively. Both 
these cytokines were shown to be induced by the IL-6 trans-signaling 
pathway (Kang et al., 2020). 

Although adaptive responses are considered to be of secondary 
importance in controlling fungal infections, possibly due to their 

Fig. 7. Concentration of cytokines in supernatants of PBMCs stimulated with CotH3 peptide. Histograms represent the levels expressed as median ± IQR. Levels of 
the cytokines mentioned on X-axis in unstimulated (USD) versus peptide stimulated (Test) cells of cases (a) and controls (b) are shown in the figure. 
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delayed actions, they form a mainstay of specific protective immunity 
elicited against any pathogen. We assessed the functionality of CD4 and 
CD8 + T cells against spore peptide as well as PMA/Ionomycin. We did 
not find much response against spore protein in terms of CD107a and 
IFN-γ expression when assessed by flow cytometry. However, degranu
lation response as assessed by CD107a expression after stimulation with 
PMA/Ionomycin was significantly higher in controls as compared to 
cases indicating compromised cytotoxic potential of T cells in CAM 
cases. Severe COVID-19 infections were shown to be associated with 
impaired cytotoxic responses in PBMCs (Vigon et al., 2021). Further, the 
impaired cytotoxicity was shown to be promoted by proinflammatory 
cytokines such as IL-6 (Hou et al., 2014; Mazzoni et al., 2020). Hence, 
strategies for ameliorating proinflammatory responses would be bene
ficial (Al-Kuraishy et al., 2022b; Al-Kuraishy et al., 2022c; Al-Kuraishy 
et al., 2022d; Batiha et al., 2022a; Batiha et al., 2021). We also 
assessed if this response correlates with IL-6 or other proinflammatory 
cytokine levels. Since the difference in IL-6 levels between cases and 
controls was less striking, it might not have affected cytotoxicity in our 
cases, as evident by the absence of correlation between IL and 6 levels 
and impaired cytotoxicity. However, CD4+, but not CD8+, T cell 
degranulation response was found to be negatively correlated with IFN-γ 

and IL-18 levels with p values<0.05. IFN-γ has been shown to regulate 
inflammatory responses by initiating negative feedback mechanisms to 
control Th1 immune responses (Feuerer et al., 2006). Similarly, IL-18 
has also shown to suppress cell mediated cytotoxicity by inducing 
TIM-3 expression (Ndhlovu et al., 2012; Schofield et al., 2017). 

We also determined if these immune perturbations were associated 
with the presence of risk factors viz. steroid treatment or diabetes, 
irrespective of whether they had mucormycosis or not. Frequency of 
CD56 + CD16- NK cells, which is shown to be the predominant cytokine 
producing NK cell subset (Cooper et al., 2001), was found to be higher in 
patients on steroids. But steroid treatment or the presence of diabetes 
did not affect the frequency of cytotoxic CD56 + CD16 + NK cells in our 
patients. Steroids have been reported to suppress cytotoxic NK cell re
sponses in multiple studies, while CD56 + cells were shown to be un
affected during steroid treatment in one of the studies (Gomaa et al., 
2014). There is a report showing expansion of CD56 + NK cells with 
their enhanced potential for cytokine production when the cells were 
synergistically treated by hydrocortisone and IL-15 (Perez et al., 2005). 
IL-15 levels have been reported to be elevated in COVID-19 patients 
correlating with longer duration of hospitalization (Singh et al., 2022). 
Increased CD56 + CD16- NK cells observed in our study might have been 
contributed by the synergistic effect between steroids and IL-15. 

Levels of many proinflammatory cytokines, including IL-6, IL-17 and 
MCP-1, which were found to be elevated in our study have been reported 
to be increased in type 2 diabetes (Randeria et al., 2019). Phagocytic 
functions have also been shown to be affected by diabetes, corticosteroid 
therapy as well as by COVID-19 (Ehrchen et al., 2019; Koenis et al., 
2021; Lecube et al., 2011; Nomani et al., 2021). Surprisingly, our dia
betic patients had higher phagocytic activity displayed by neutrophils as 
compared to non-diabetic patients, in contrast to previous reports 
showing lowered phagocytic activity (Lecube et al., 2011). The phago
cytic activity in our experiments was assessed using zymosan particles, 
which are known to interact with TLR2 (Sato et al., 2003) as against 
bacterial LPS which interacts with TLR-4. Expression of TLR-2 has been 
shown to be upregulated in type 2 diabetes in multiple studies (Sepehri 
et al., 2016) including that on phagocytic cells (Morris et al., 2012). One 
of the limitations of our study was its small sample size. This 

Fig. 8. Heatmap plotted to show correlation coefficients (r values) as per Spearman correlation analysis of serum levels of different cytokines with each other. Scale 
for r values is given in the figure. * indicate significant p values for correlation between the cytokines. * - p < 0.05, **- p < 0.01, ***- p < 0.001. 

Table 2 
Correlation between serum levels of proinflammatory cytokines and CD4/CD8 T 
cells expressing CD107a.   

CD4 + CD107a+ CD8 + CD107a+

R value P value R value P value 

IFN-γ  − 0.4201  0.0233  − 0.2243  0.2421 
IL-1β  − 0.3297  0.0807  0.02195  0.91 
IL-2  − 0.2378  0.2141  0.06055  0.755 
IL-6  − 0.3342  0.0764  − 0.1777  0.3565 
IL-8  − 0.3736  0.0459  − 0.0631  0.745 
IL-18  − 0.4469  0.0151  − 0.06947  0.7203 
IL-17  − 0.128  0.5082  0.09926  0.6084 
MCP-1  − 0.2931  0.1228  − 0.2385  0.2127 
TNF-α  − 0.204  0.2884  0.02869  0.8825  
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Fig. 9. Comparison of Immune functionalities in participants with and without diabetes mellitus and steroid treatment irrespective of presence or absence of 
mucormycosis. Histograms represent the levels expressed as median ± IQR. 
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investigation was conducted during the time between the second and 
third waves of the COVID-19 outbreak in India, and obtaining consent to 
collect adequate amounts of blood specimens from in-patients for 
immunological investigations at times seemed difficult. We therefore 
undertook this pilot exploratory investigation as part of a larger case- 
control study (Anand et al., 2022). 

6. Conclusion 

Immune responses in CAM cases differed from COVID-19 controls in 
terms of higher titers of proinflammatory cytokines possibly induced in 
response to fungal antigens as spore protein was found to elicit proin
flammatory cytokine responses. The CAM cases also had reduced fre
quency of total and cytotoxic CD56 + CD16 + NK cells, possibly 
indicating suppressive responses induced by fungi. Reduced T cell 
cytotoxicity in cases correlated inversely with IFN-γ and IL-18 levels, 
possibly indicating negative feedback mechanisms induced for regu
lating immune responses. Risk factors such as diabetes or steroid 
administration did not seem to affect these responses negatively in our 
study, possibly indicating the role of other mechanisms in predisposing 
these patients to mucormycosis. 
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