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SARS-CoV-2 infection has an adverse effect on the functioning of various respiratory and hematopoietic cells in the 
bronchoalveolar fluid (BALF) resulting from ultrastructural alterations. These ultrastructural changes were directly 
corroborated to understand the altered function of these cells. These changes have been sparingly reported and it is 
important for understanding the biology of COVID-19. We have reported various ultrastructural alterations of ciliated 
epithelium, type II pneumocytes, macrophages, and neutrophils individually from the BALF of patients with severe  
COVID-19. Ultrastructural alterations depend on various conditions such as age, immunity, associated comorbidities, 
disease severity, and medication received by patients. The ciliated epithelium mostly contained viral-containing 
compartments, horseshoe-shaped mitochondria, necrosis, and double-membrane vesicles. Type II pneumocyte cells showed 
cytoplasmic vacuolization, loss of lamellar bodies, and the formation of viral inclusion bodies. The alveolar macrophages 
displayed increased size and number of phagocytic vacuoles containing viral particles (phagosomes) and vacuolated 
cytoplasm. Neutrophils showed cytoplasmic granularity, vacuolization, and the presence of extracellular traps. This study 
provides important insights into the cellular and morphological changes associated with COVID-19 in BALF cells.  

Keywords: Bronchoalveolar fluids, Ciliated epithelium, Macrophages, Neutrophils, SARS-CoV-2, Type II pneumocytes 

Coronavirus disease 2019 (COVID-19), caused by 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), has become a pandemic that poses a 
significant threat to global public health1-3. The virus 
primarily infects the respiratory tract and causes 
various clinical manifestations ranging from 
asymptomatic infection to severe acute respiratory 
distress syndrome (ARDS) and multiple organ 
failure4-6.  

Pathological and histological examinations have 
indicated that SARS-CoV-2 primarily targets the 
airways and lungs7,8. Recent studies have shown that 
COVID-19 patients exhibit characteristic changes in 
the ultrastructure and morphology of these lung cells9. 
Electron microscopy revealed the presence of 
coronavirus particles in the bronchial mucosal and 
type II pneumocytes10. Viral particles have been 
observed mainly in degenerated pneumocytes, in the 
endothelium, or freely circulating in the alveoli11-13. A 
recent study explored the effects of SARS-CoV-2 

infection on the respiratory epithelial and 
inflammatory cells in BALF samples14. 
Immunofluorescence and ultrastructural findings in 
this study provided evidence of the interactions 
between viruses and host cells, the level of infection, 
and cellular changes in different lung cells15.  

Bronchoalveolar lavage fluid (BALF) from the 
lung is the primary source of all types of respiratory 
and infiltrated hematopoietic cells to study 
ultrastructural alterations16,17. However, direct cellular 
and ultrastructural changes have been sparingly 
reported to explore the effects of SARS-CoV-2 
infection in the respiratory epithelial and 
inflammatory cells in BALF. Transmission and 
scanning electron microscopy, along with 
immunofluorescence studies, offer a direct and 
detailed exploration of SARS-CoV-2 infection in 
different bronchoalveolar fluid (BALF) cells, 
providing crucial evidence of cellular infection load 
and ultrastructural changes in affected patients18. 
Recently, we have explored ultrastructural alteration 
of various cell types, including ciliated epithelium, 
type II pneumocytes, macrophages, and neutrophils, 
within these BALF samples19-21. Microscopic analysis 
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of BALF from old and young patients with or without 
comorbidities showed a distinction in the infection 
level and alterations in the ultrastructure of the 
respiratory epithelial and inflammatory cells19. In 
these studies, we have successfully demonstrated the 
levels of infection present in these diverse cell 
populations using ex vivo BALF samples collected 
from COVID-19 patients with acute respiratory 
distress syndrome (ARDS). The data obtained from 
these analyses contribute significantly to our 
understanding of the disease pathogenesis and the 
specific cellular targets affected by SARS-CoV-2 in 
severe cases19.  

In the current study, we have investigated the 
ultrastructural and morphological changes in the 
ciliated epithelium, type II pneumocytes, 
macrophages, and neutrophils from bronchoalveolar 
lavage fluid (BALF) samples obtained from COVID-19 
patients. We used Immunofluorescence, scanning 
electron microscopy (SEM), and transmission 
electron microscopy (TEM) techniques. The study 
allows us to gain valuable insights into the cellular 
responses and ultrastructural alterations associated 
with severe SARS-CoV-2 infection in these specific 
cell types within the respiratory tract.  
 

Material and Methods 
Material  

Osmium tetroxide was procured from Ted Pella, 
USA, Uranyl acetate from TAAB, UK, lead citrate 
from Ladd, polyclonal anti-SARS-CoV-2 specific 
primary antibody (Cat no. ab275759), and Alexa 
fluor-594 conjugated anti-rabbit secondary antibodies 
(Cat no. ab150080) from Abcam, Plc, UK. 
Hematoxylin, eosin, orange G., Scott's water, xylene, 
DPX, PBS, poly-L-lysin, epoxy embedding kit, 
Karnovsky's fixative (0.5% glutaraldehyde + 2.0 % 
paraformaldehyde), and DAPI were purchased from 
Sigma St. Louis, MO, USA). BSA, ethanol from 
HiMedia, and Triton X-100 were purchased from 
Fisher Scientific.  
 

Methods 
Ethics statement  

After obtaining written consent from all patient 
representatives, experimental procedures were 
performed to collect BALF samples from severely 
SARS-CoV-2-infected and intubated patients. The 
study was conducted following ethical approval from 
the Institutional Ethics Committee (IEC), All India 
Institute of Medical Sciences (AIIMS), New Delhi, 
India (Ref. No. IEC-307/27.04.2020, RP-10/202).  

Sample collection  
BALF samples were collected from intubated 

SARS-CoV-2-positive patients in the COVID-19 
intensive care unit (ICU), AIIMS, and New Delhi. All 
samples were collected from October 3, 2020, to 
January 31, 2021. The BALF sample (15-20mL) was 
primarily fixed in freshly prepared 20 ml, 2X 
Karnovsky's solution (final 1% glutaraldehyde +  
4.0 % formaldehyde) in 0.2M phosphate buffer. The 
surface of the sample vials was sterilized with an 
alcohol/soap solution by incubating for 2 h at room 
temperature and then stored at 4°C in a COVID-19-
designated refrigerator.  
 

Sample processing for the cellular enrichment 
After the primary fixation Karnovsky's fixative 

(0.5% glutaraldehyde + 2.0 % paraformaldehyde), the 
BALF sample was diluted ten times with 0.1 M NaCl 
solution and strained through a nylon mesh cell 
strainer with a 100 µM pore. The filtrate was 
centrifuged at 2500 rpm for 3 min in a swinging 
bucket. The cell pellets were washed 2-3 times for  
10 min in PBS to remove excess mucus. The cellular 
content was enriched by centrifugation at 1200 g for  
3 to 5 min and resuspended again in primary fixative 
A (0.5% glutaraldehyde 2.0% paraformaldehyde in 
0.1 M PB buffer). The samples were processed for IF, 
SEM, and TEM.  
 
Immunofluorescence using SARS-CoV-2 spike protein-
specific antibody 

BALF samples were washed three times with  
0.1 M phosphate buffer, and smears were prepared 
using 10 to 12 µL of sample on poly-L-lysine coated 
glass slides and air-dried at RT Smears were 
permeabilized with PBST (0.1% Triton X-100 in 1X 
phosphate buffer saline, PBS) and blocked with 2 % 
BSA in PBS for 30 min. After blocking with BSA, the 
slides were incubated with the primary antibody 
(Abcam ab275759, polyclonal against S1 spike 
protein, dilution 1:500) for 4 h in a humid chamber at 
room temperature. After washing with PBS, a 
fluorophore-conjugated secondary antibody (Alexa 
fluor-594 conjugated anti-rabbit secondary antibody; 
Abcam, Cat No. - 150080; dilution 1:500) was added 
for 1 h at RT in the dark. The smears were washed 
with phosphate buffer, and DAPI (1 μg/mL) was 
added for 5 min. Excess DAPI was removed by 
washing with PBS, and smears were mounted with 
90% glycerol. Fluorescence imaging was performed 
using a laser-scanning confocal microscope (Leica 
SP8, Germany).  
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Scanning electron microscopy 
For SEM, BALF's enriched and primary fixed 

cellular components were osmicated, dehydrated with 
ethanol, critical point dried (E-3100, Quorum Tech), 
and mounted on double-sided tape on aluminum 
stubs. The stubs were sputter-coated with a gold-
based sputter coater (HHV BT-150) for 180s. 
Electron micrographs were obtained using an EVO18 
(Zeiss, Germany) SEM operated at 20 an accelerating 
voltage of 8-10, an average working distance with an 
SE detector, with magnifications ranging from 5,000 
× to 30,000 ×.  
 
 

Transmission electron microscopy 
For TEM imaging, enriched cellular constituents of 

BALF were fixed using 2. 5% glutaraldehyde + 2.0% 
paraformaldehyde in 0.1 M phosphate buffer (PB). 
The fixed cellular pellets were washed with 0.1 M PB 
(pH 7. 4) and post-fixed with 1% osmium tetroxide in 
0.1 M PB (pH 7. 4) for one hour (secondary fixation) 
at 4°C. The pellets were washed with distilled water 
for 2 h, and en bloc, staining was performed with 2% 
uranyl acetate in 50% ethanol. The samples were 
again washed with distilled water and dehydrated in 
an ethanol series (50%, 70%, 80%, 90%, and 100%). 
The dry pellets were infiltrated with toluene/resin and 
embedded in Araldite CY212 resin.  

Results and Discussion 
Ciliated epithelium 

The ciliated epithelium (from nasal to bronchus) in 
the BALF of COVID-19 patients showed a higher 
presence of S-glycoprotein near the apical side 
(towards the basal bodies of cilia and microvilli) in 
comparison to other parts of the cells (Fig. 1).  
The Immunofluorescence generated from the  
S glycoprotein was also visible in these cells' 
microvilli (higher) and cilia (lesser). These cells 
showed a relatively lower intensity than the apical cell 
body (Fig. 1). The different sizes and shapes of the 
ciliated epithelium also indicated that these cells were 
unanimously infected with the virus from the nasal 
cavity to the bronchus (Fig. 1). The gradual decrease 
in the size of the ciliated epithelium (the elongated 
size of these cells decreases from nasal to 
bronchioles) provides direct confirmation of different 
zones of ciliated cells infected by the SARS-CoV-2 
(Fig. 1). Some of the heavily infected cilia cells were 
observed without the nucleus (Fig. 1H & L).  

Many ciliated epithelial cells were observed in the 
BALF samples by scanning electron microscopy. 
These cells showed intact microvilli and cilia on their 
apical surfaces (Fig. 2). Protrusions of viral-like 
structures were visible on the cilia of these cells. 

 
 

Fig. 1 — Immunofluorescence images of various types of ciliated epithelial cells (from nasal to bronchus from BALF of intubated 
COVID-19 patients. The size of the ciliated epithelium gradually reduces from the nasal cavity (a-d), and branchia to alveoli of the lung 
(e-l). Mv: Microvilli; N: Nucleus; B: Basal body; C: Cilia 
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These protrusions were similar to those observed on 
the surface of the plasma membranes of these cells 
(Fig. 2G). The protruding surface could result from 
the fusion of the virus with the cilia, leaving behind 
the fused membrane patches. At a higher 
magnification, these protrusions matched the size 
(60–80 nm) of the SARS-CoV-2 virus on the cilia 
(Fig. 2A and D-F). However, in the healthy samples, 
this protrusion was absent (Fig. 2B-C). Extracellular 
virions were mostly localized to microvilli and cilia. 
Reduced cilia density and shorter cilia length were 
observed compared to those in healthy individuals. In 
addition, some cilia were broken or disorganized. This 
is likely due to the destruction of ciliated epithelial 
cells by the virus, leading to the impairment of the 
mucociliary clearance mechanism of the respiratory 
tract (Fig. 2).  

Transmission electron microscopy revealed viral 
fusion with the plasma membrane, demonstrating the 
site of entry of these viruses (Fig. 3). Intact 
intracellular virions were found within ciliated cells in 
compartments with a single membrane called viral-
containing compartments (VCs) (Fig. 3). The 
mitochondria were distorted with a horseshoe shape, 
dense, and deformed. Many cells showed necrotic 

characteristics (Fig. 3). Endoplasmic reticulum  
(ER)-derived structures, such as virus replication sites 
or double-membrane vesicles (DMVs denoted as D), 
were also observed22. These DMVs are located in 
small double-membrane spherules reported to contain 
double-stranded RNA23,24. Lysosomes containing the 
viral particles in the host cell were also indicative of 
post-viral replication (Fig. 3)25. The viral replication 
machinery, including DMVs, convoluted membranes, 
and viral-containing compartments (VCs), were 
observed in many cells (Fig. 3)22,26. Many 
extracellular viruses, intracellular endosomal matured 
viruses, and non-coated viruses were also observed 
(Fig. 3). The identifiable feature of SARS-CoV-2 
virions is the presence of nucleocapsid contents in the 
viral lumen, as an electron-dense punctate pattern was 
also observed in many cell images. This feature was 
distinguishable from clathrin-coated and intraluminal 
vesicles, as previously reported by Pinto et al.  
(Fig. 3)27. Most of the VCs contained virions that 
were not coated with the crown of S glycoprotein on 
the surface, indicating the maturation phase of this 
virus (Fig. 3). Many basal bodies (B) were visible, 
even though these cells showed degenerative cilia as 
an adverse effect of viral infection. These findings 

 
 
Fig. 2 — Scanning electron microscopy of the apical portion of the ciliated cells from the BALF samples of severely infected COVID-19 
patients. The cilia were infected with the SARS-CoV-2 virus, which is indicated by the protrusion (a, d, e & f). An epithelial cell with 
microvilli was also represented (g). This is direct evidence of the presence of SARS-CoV-2 in the cilia, which was also shown in the 
immunofluorescence study. C: Cilia, Mv: Microvilli 
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suggested that ciliated epithelium is a crucial target 
for SARS-CoV-2 infection, with the virus showing a 
preference for the apical side and microvilli. These 
cell changes in cilia structure and density likely 
contribute to the impairment of mucociliary clearance, 
potentially leading to respiratory complications in 
COVID-19 patients.  
 
Type II pneumocytes 

The ultrastructural changes in type II pneumocyte 
cells from bronchoalveolar lavage fluid (BALF) 
samples with severe COVID-19 showed strong 
Immunofluorescence in the plasma membrane and 
cytoplasm, indicating the presence of viral particles in 
the cytoplasm and plasma membrane. This was 
confirmed by an immunofluorescence (IF) study 
using S protein-specific antibodies to confirm the 

presence of mature viruses or S proteins. Some of the 
cells showed apoptotic nucleases in IF.  

SEM imaging examined the ultrastructural changes 
in type II pneumocyte cells from BALF samples of 
severely infected patients. SEM analysis revealed the 
distinctive morphology, presence of lamellar bodies, 
and microvilli on the surface with numerous virus-like 
particles (Fig. 4). In addition, the infected cells 
showed morphological changes such as swelling and 
detachment from the extracellular matrix. The 
infected cells appeared flattened and had fewer 
microvilli on their surface (Fig. 4). The cell 
membranes of infected cells also appeared to be 
damaged, with numerous irregularities and blebs19 
(Fig. 4). Giant multinucleated type II pneumocytes 
with large nucleoli were observed, consistent with our 
previous study21 and other groups11,28.  

 
 
Fig. 3 — Transmission Electron Microscopy of ciliated epithelium with the basal bodies as identifiable features. The ciliated epithelium 
was identified by the presence of a ciliary basal body and cilia in the section. Viral-containing compartments (VCs) was observed in 
many ciliary cells and double-membrane vesicles (DMVs denoted as D) as replication site. N: Nucleus, M: Mitochondria, B: Basal Body, 
C: Cilia, arrowhead: virus-like particles 
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TEM imaging of type II pneumocyte cells from 
COVID-19 patients showed marked ultrastructural 
changes, including cytoplasm vacuolization, loss of 
lamellar bodies, and formation of viral inclusion 
bodies (Fig. 4). Recently, we also identified the 
presence of giant lamellar bodies in patients with 
severe COVID-19 with ARDS-like symptoms29. We 
observed widespread cytoplasmic vacuolization in 
these cells, with varying sizes and shapes, often filled 
with electron-dense material (Fig. 4). These vacuoles 
merge to form large cytoplasmic spaces. We also 
observed an increased number of autophagosomes 
and autolysosomes in the cytoplasm of type II 
pneumocyte cells, consistent with our previous TEM 
analysis, indicating autophagy pathway activation19 
(Fig. 4). These particles have a diameter of 
approximately 100-120 nm and a characteristic 
corona-like structure. We also observed increased 

apoptotic bodies in the cytoplasm of pneumocyte type 
II cells from COVID-19 patients (Fig. 4). These 
bodies are characterized by condensed chromatin and 
fragmented cytoplasm, indicating cell death by 
apoptosis. Some cells showed characteristic large-size 
surfactant granules or giant lamellar granules (LG)29.  
 

Macrophages 
Macrophages are essential components of the 

innate immune system and serve as the first line of 
defense against invading pathogens, including viruses. 
Their ability to phagocytose and eliminate pathogens 
makes them crucial players in the immune response to 
viral infections. The macrophages from the BALF of 
COVID-19 patients showed increased size and 
number of phagocytic vacuoles containing viral 
particles (phagosomes) and vacuolated cytoplasm. 
Additionally, we observed a higher number of 
apoptotic macrophages in the BALF of COVID-19 

 
 
Fig. 4 — Ultrastructural detail of type II pneumocytes of BALF of COVID-19 patients using (A) Immunofluorescence study;
(B) Scanning Electron Microscopy study; and (C) Transmission Electron Microscopy study. The IF study confirms the level of infection, 
and the SEM study confirms the different shapes of microvilli. TEM study reveals the presence of different size lamellar bodies and 
damage in the ultrastructure, such as cytoplasmic vacuolization and many electron-dense bodies. Mv: Microvilli; N: Nucleus; VC: Viral 
compartment; D: Double membrane vesicle; M: Mitochondria; RB: Residual body; white arrowhead indicates the virus 
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patients, suggesting that these cells may play a crucial 
role in the clearance of virus particles from the lungs. 
There was an increase in the number of lipid bodies 
and many prominent pseudopodia, indicating the 
activation of macrophages19 (Fig. 5). The increased 
presence of apoptotic macrophages in BALF suggests 
that these immune cells actively participate in the host 
antiviral defense mechanisms during severe SARS-
CoV-2 infection. The increased number of apoptotic 
macrophages could result from the virus's 

pathogenicity, host & immune response, or a 
combination of both.  
 

Neutrophils 
Neutrophils are important innate immune system 

cells and play a crucial role in cellular defence against 
infectious agents. The ultrastructural changes in the 
infiltrated neutrophil cells from BALF samples of 
severely infected COVID-19 patients were 
microscopically investigated. Neutrophil cells were 
identified based on their characteristic multilobulated 

 
 

Fig. 5 — Ultrastructural imaging of the alveolar macrophage cells from the BALF of severe COVID-19 patients. These cells showed 
distinctive morphology in (A) Immunofluorescence study with a dense and distorted nucleus with viral S protein-specific protein; (B) The 
SEM imaging revealed the rough and fibrous surface along with the virus-like particles; and (C) Transmission Electron Microscopy 
shows the morphology of the macrophage (a, b, c, d), activated cells with characteristic lipid bodies (e, f, g, h), and enlarged view of 
phagosomes (i, j, k, l). Pse: Pseudopodia; N: Nucleus; G: Golgi complex; VC: Viral compartment; L:Lipid Body; P:Phagosomes; M: 
Mitochondria; RB: Residual body; white arrowhead indicates the virus 



INDIAN J. BIOCHEM. BIOPHYS., VOL. 60, JULY 2023 
 
 

552

nuclei and cytoplasmic granules. Our 
immunofluorescence study revealed that these cells 
displayed distinct morphological and ultrastructural 
changes compared with healthy individuals (Fig. 6 A).  

In COVID-19 patients, we observed significant 
ultrastructural changes, such as increased cytoplasmic 
granularity and vacuolization, indicating their activation 
and phagocytic activity. This suggests the essential role 
of these cells in combating viral invasion. We also 
observed the presence of extracellular traps (NETs) 
released by neutrophils, which can lead to tissue  
damage and lunginflammation30. The observed nuclear 
lobulation and cytoplasmic vacuolization suggest 
activation of stress-induced apoptosis, which has also 
been reported in other viral infections31. The release of 
extracellular traps (NETs) by neutrophils is a defence 
mechanism against viruses. However, although NETs 
play a crucial role in trapping and neutralizing 

pathogens, they can also lead to tissue damage and lung 
inflammation, exacerbating respiratory complications in 
COVID-19 patients32,33. The nuclear lobulation and 
cytoplasmic vacuolization indicate stress-induced 
apoptosis in neutrophils during Severe SARS-CoV-2 
infection. This has been reported in other viral infections 
and suggests that the immune response against the virus 
can activate programmed cell death pathways in 
neutrophils34,35.  

In the SEM images, neutrophils appeared a 
round/oval shape with a rough surface (Fig. 6B).  
In contrast, neutrophils from severely infected 
COVID-19 patients showed marked surface 
ultrastructural changes, such as irregular and rough 
surfaces, loss of surface protrusions and blebs, 
formation of extracellular traps, and irregular surface 
morphology (Fig. 6B). We also observed the presence 
of SARS-CoV-2 virus particles attached to the 

 
 
Fig. 6 — Ultrastructural analysis of Neutrophils using (A) Immunofluorescence; (B) Scanning Electron Microscopy; and 
(C) Transmission Electron Microscope. IF study confirms the activation of neutrophils with plenty of neutrophils extracellular traps 
(NETs) with distorted multilobed nuclei, which were also identified in SEM and TEM studies. Increased cytoplasmic granularity and 
vacuolization, indicating their activation and phagocytic activity. N: Nucleus; NETs : Neutrophils Extracellular Traps M: Mitochondria; 
G: Golgi Complex; P: Phagosomes; RB: Residual body; white arrowhead indicates the virus 
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surface, suggesting a role for these cells in viral 
clearance and the immune response (Fig. 6B).  

In TEM imaging, neutrophils from COVID-19 
patients showed nuclear lobulation and cytoplasmic 
vacuolization, which were not observed in the healthy 
individual (Fig. 6C). The increased number of 
cytoplasmic granules reflects their role in 
phagocytosis and the release of proinflammatory 
cytokines. These changes may contribute to the 
dysregulated immune response and tissue damage 
observed in patients with severe COVID-19. We 
observed the presence of membrane-bound 
extracellular traps and the formation of cytoplasmic 
vacuoles, often containing cellular debris (Fig. 6C).  
 

Conclusion 
We thank all patients' relatives for permitting us to 

collect BALF from the patients. This work was 
supported by grants from the IUSSTF Indo-US 
Virtual Network for the COVID-19 program 
(IUSSTF/VN- COVID/007/2020). Other funding by 
DBT (BT/INF/22/SP44285/2021), ICMR, SERB, and 
AIIMS intramural grants is acknowledged. SAIF-
AIIMS New Delhi is acknowledged as the imaging 
facility for the SEM and TEM. DST-FIST confocal 
microscope facility is also acknowledged for the 
facility for Immunofluorescence. We acknowledged 
Dr. Kapil Soni and Prof. Anjan Trikha for permission 
to collect the BALF samples from the respective 
wards.  
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