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Summary: The COVID-19 pandemic caused by SARS-CoV2 is characterized by a remarkable
variation in clinical severity ranging from a mild illness to a fatal multi-organ disease.
Understanding the dysregulated human immune responses in the fatal subjects is critical for
management of COVID-19 patients and the pandemic. In this study, we examined the immune cell
compositions in the lung tissues and hilar lymph nodes using immunohistochemistry on 6 deceased
COVID-19 patients and 4 focal organizing pneumonia (FOP) patients who underwent lung surgery
and served as controls. We found a dominant presence of macrophages and a general deficiency of
T cells and B cells in the lung tissues from deceased COVID-19 patients. In contrast to the FOP
patients, Tth cells and germinal center formation were largely absent in the draining hilar lymph
nodes in the deceased COVID-19 patients. This was correlated with reduced IgM and IgG levels
compared to convalescent COVID-19 patients. In summary, our data highlight a defect of germinal
center structure in deceased COVID-19 patients leading to an impaired humoral immunity.
Understanding the mechanisms of this deficiency will be one of the key points for the management
of this epidemic.
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The COVID-19 worldwide pandemic has been
characterized by a remarkable variation in clinical
severity ranging from a mild coryzal illness to a fatal
multi-organ diseasel- 2. Despite the identification of
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many risk factors for patient survival including age and
pre-existing comorbidities like hypertension, diabetes
and chronic kidney disease, our understanding of the
patho-physiology that explains these risk factors is
incomplete.

SARS-CoV2, along with the related SARS-
CoV, uses the ACE2 enzyme as a receptor for the
infection of the respiratory epithelial cells® #. Acute
respiratory disease syndrome (ARDS) is the principle
cause of death in patients with COVID-19 although
multiple organ failure has been noted™ *.. It appears the
morbidity is associated with an aberrant inflammatory
immune response, as Tocilizumab has been effective
in clinical trialst® 1. Paradoxically, critically ill patients
display a significant peripheral lymphopenia, which is
associated with a poor prognosist® ?.. Characterization
of compositions of the immune cells within the
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lung tissues and draining hilar lymph nodes from
the postmortem specimens might provide valuable
insights on how the immune responses in the deceased
patients were dysregulated and offer new strategies for
treatment.

1 MATERIALS AND METHODS

1.1 Patients

This study was in accordance with regulations
issued by the National Health Commissions of
China (KY-2020-15.01) and approved by the Ethics
Committee of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology,
Wuhan, China (No. TJ-IRB20200386). The written
consents of autopsy of 6 deceased COVID-19 patients
who had been admitted in Jinyintan Hospital, Wuhan,
China were obtained from the next of kin prior to the
autopsies. Four control patients with focal organizing
pneumonia (FOP) who underwent lung surgery were
involved in a separate study (No. TJ-IRB20200209)
and approved by Ethics Committee of Tongji Hospital,
Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China. At the time
of enrollment in the initial study, all individuals
provided informed consent that their samples could
be used for future studies. For the antibody detection,
samples of sera were collected from 8 convalescent
COVID-19 patients who had been admitted in Tongji
Hospital, Wuhan, China and written consents were
obtained. Diagnosis of COVID-19 was based on the
New Coronavirus Pneumonia Prevention and Control
Program (5th edition) published by the National
Health Commission of China. All the patients were
laboratory-confirmed positives for SARS-CoV-2 by
the quantitative RT-PCR (qRT-PCR) on throat swab
samples.
1.2 Immunohistochemistry and Analysis

The histopathology and pathological characteristics
of lung tissues and hilar lymph nodes were analyzed
by H&E staining. Briefly, paraffin-embedded tissue
blocks were cut into 3-um slices and mounted onto
poly-lysine-coated glass slides, tissues were incubated
with hematoxylin for 5 min, after 1 min of dehydration
by 100% alcohol, sections were further treated with
eosin for 30 s. The results were viewed using a light
microscope (Olympus). The immunohistochemistry
was performed according to standard procedures.
Briefly, specimens were fixed in 4% formaldehyde
and embedded in paraffin. Deparaffinized slides
were antigen retrieved in citrate buffer (pH 6.4) and
endogenous peroxidase (HRP) activity was blocked
by treating the sections with 3% hydrogen peroxide
in methanol. Indirect immunohistochemistry was
performed with species-specific biotinylated secondary
antibodies followed by avidin-horseradish peroxidase.

The following primary antibodies were used: anti-
CD68, anti-CD3, anti-CD4, anti-CD8, anti-CD20, anti-
CD38, anti-PD-1. Antibody information is presented in
table 1. Finally, sample sections were viewed using a
light microscope (Olympus). ImagelJ software was used
to quantify the number of infiltrated immune cells.

Table 1 Antibody information

Prnpar}{ Clone ID Dilution Vendor
antibodies

CD68 KP1 1:400 DAKO
CD3 F7.2.38 1:400 DAKO
CD4 UMABG64 Ready to use ZSGB-BIO
CD8 SP16 Ready to use ZSGB-BIO
CD20 L28 1:400 DAKO
CD38 SPC32 Ready to use ZSGB-BIO
PD-1 UMABI199 Ready to use ZSGB-BIO

1.3 Quantification of Germinal Center

Germinal center (GC) number quantification and
the ratio of GC number to total follicle numbers in hilar
lymph nodes were determined by H&E staining and
histology morphology. The data were evaluated by two
independent pathologists.
1.4 Detection of IgG and IgM against SARS-CoV-2

Serum samples of convalescent COVID-19 patients
shortly before discharge and deceased COVID-19
patients shortly before death were collected. All serum
samples were inactivated at 56°C for 30 min and stored
at —80°C before testing. The amounts of IgG against
nucleocapsid (N) protein and IgM against receptor-
bing domain (RBD) of the spike (S) protein of SARS-
CoV-2 in plasma samples were tested using ELISA kits
(Zhuhai Lizhu Reagent Co., Ltd., China) respectively
according to the manufacture’s description. All tests
were performed under strict biosafety conditions.
1.5 Statistical analysis

Statistical analysis was performed using GraphPad
Prism software. Qualitative variables were expressed
as numbers. Statistical significance was determined by
Student’s ¢ test. P values less than 0.05 were considered
significant.

2 RESULTS

To gain insight into the human immune responses
during a fatal SARS-CoV2 infection, we performed
postmortem autopsy studies of the immune cell
compositions within the lung tissues and hilar lymph
nodes using immunohistochemistry on 6 deceased
COVID-19 patients, and 4 FOP patients who underwent
lung surgery served as controls. The demographic
information of all patients is presented in table 2. The
average hospitalization day of the 6 COVID-19 patients
(average 71.5 years old) was 25 days.

Histologically, the lung tissues of the deceased
COVID-19 patients exhibited edema, proteinaceous
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exudate forming hyaline membrane, scattered interstitial
lymphocyte infiltration and variable amount of intra-
alveolar macrophages with pneumocyte hyperplasia
(fig. 1A). In comparison to the FOP patients showing
presence of CD68" macrophages, as well as CD3",
CD4*, and CD8" T cells, CD20" B cells and CD38*
plasma cells, the dominant cell population within the
lung tissues from the deceased COVID-19 patients was
CD68" macrophages (fig.1A), while the percentages of
CD3", CD4*, CD8" T cells, CD20" B cells and CD38"
plasma cells were significantly reduced compared to
FOP patients (fig. 1B). This observation indicates a
dominant innate immune response within the lung
tissues of non-survival COVID-19 patients.

Activated B cells undergo clonal expansion and
selection within the secondary lymphoid organs,
forming a distinct microanatomy structure named
GC, which is necessary for antibody diversification

B 1200 - e

and affinity maturation, a process vitally important
for mounting appropriate humoral immunity!® ',
In contrast to the control patients who had GCs and
presence of PD-1" cells (human Tfh) within the GCs,
there were few GCs or Tth cells within the hilar lymph
nodes of deceased COVID-19 patients (fig. 2A). T
cells were more coalesced within the control patients
but more dispersed within the hilar lymph nodes of
deceased COVID-19 patients (fig. 2A). The CD20*
B cells were clustered and coalesced as noticeable
GCs in the FOP control patients, but they were evenly
dispersed in the COVID-19 lymph nodes (fig. 2A).
Similarly, CD38" plasma cells were found in both
GC and non-GC areas in FOP samples whereas those
cells were evenly dispersed in the COVID-19 lymph
nodes (fig. 2A). Quantifications of GC number per
slide area and ratios of GCs among follicular number
in both groups showed significant reduction within

COVID-19

| FOP
B COVID-19

800

Cell numbers

400

CD68 CD3 CD4 CD8 CD20 CD38

Fig. 1 Characterization of immune cells infiltrating in the lung tissues of focal organizing pneumonia (FOP) patients and deceased

COVID-19 patients

A: The immune cells infiltration of postmortem COVID-19 patients was evaluated in comparison with FOP control patients
by H&E staining and immunohistochemistry for detection of the immune cell-specific marker CD68 (macrophages), CD3
(total T cells), CD4 (helper T cells), CDS (cytotoxic T cells), CD20 (total B cells), CD38 (plasma cells). B: Quantification of
immune cells infiltrated within the lungs was determined by ImagelJ software. Values are shown as means+=SEM with #-test used.

*P<0.05, "P<0.01, " P<0.001
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Fig. 2 Lack of adaptive immune responses in the diceased COVID-19 patients
A: H&E staining and immunohistochemical staining of PD-1 [Tth cells in germinal center (GC)], CD20 (total B cells), CD38
(plasma cells) in hilar lymph nodes of FOP control patients and deceased COVID-19 patients. B: GC quantification and the
ratio of GC number to total follicle number were determined by immunohistochemistry. C: Tth cells were quantified in the
hilar lymph nodes of FOP control patients (n=4) and deceased COVID-19 patients (n=3). D: the absorbance (4) values at a

wavelength of 450 nm (4

450

) of IgM and IgG antibodies against nucleocapsid protein and the receptor-binding domain region

of the spike protein of SARS-CoV-2 in postmortem COVID-19 patients (n=6) vs. the convalescent COVID-19 patients (n=8).
Values in B, C and D are shown as means=SEM. ¢-test. “P<0.05, *"P<0.0001

deceased COVID-19 patients (=4 FOP in control
patients versus n=6 in COVID-19 deceased patients;
fig. 2B). Similarly, Tth cells were significantly reduced
in deceased COVID-19 patients (fig. 2C, n=3, due
to the scarcity of sample tissues), compared to FOP
control patients (n=4). Next we measured the IgM
levels against the SARS-CoV2 S1 protein RBD and the
IgG levels against SARS-CoV2 N protein within the
recovered COVID-19 patients (n=8) and the deceased
COVID-19 patients (n=6). Compared to the recovered
COVID-19 patients, both the IgM and IgG levels were
significantly reduced within the deceased COVID-19
group (fig. 2D).

3 DISCUSSION

In this study, we found all the 6 deceased
COVID-19 patients had significantly enhanced
presence of macrophages within the lung tissues,
compared to the FOP patients. Consistent with
literature!™ 8, our data suggest that macrophages
are critical for the hyper-inflammation induction in
the lung tissues of severe COVID-19 patients. The
cytokines secreted by macrophages may mediate later
apoptosis of lymphocytes. Owing to the availability of
biopsy tissues, our study did not determine what kind
of phenotypes of macrophages were polarized after
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SRAS-CoV?2 infection.

Our data revealed a clear deficiency of Tth cells
and GC structures in secondary lymphoid organs
of the deceased COVID-19 patients, indicating a
profound defect of antibody affinity maturation in
these deceased patients, which may have contributed to
their death. By contrast, it has been reported that mildly
affected and convalescent COVID-19 patients have
circulating IgG, IgM, Tfh cells, virus-specific CD4"
and CD8"* T cells, B cells, and CD38"CD8" T cells in
their periphery!* ¥, indicating successful cellular and
humoral immune responses in convalescent patients.
It has been documented that T cell lymphopenia
and T cell exhaustion occur in COVID-19 patients,
which is more pronounced in the severe and critically
ill patients!"> ' yet the underlying mechanisms
remain unknown. Understanding the mechanisms of
SARS-CoV2 induced lymphopenia will provide key
therapeutic insights for COVID-19. Furthermore, Treg
cells were reduced in the severe COVID-19 patients
compared to the mild cases, which might explain the
exuberant pro-inflammatory responses in the severe
patients due to the lack of suppression!'”.

Currently it has not been understood why these
deceased patients had deficiency ofthe adaptive immune
responses against SARS-CoV2. It could be caused
by combined effects of lymphopenia, defect of Tfh
differentiation and lack of appropriate GC responses.
Tth differentiation is a complexly regulated process
involving different membrane molecules, cytokines and
transcriptional factors!'®l. On one hand, the substantial
T cell and B cell lymphopenia in the severe COVID-19
patients would impair Tfh differentiation and GC
responses. Additionally, both the priming to Tth in
the T cell zone and the Tth differentiation process at
the border between T cell and B cell zone could be
dysregulated in these deceased patients. It would be
interesting to know if the critical Tth differentiation
factors i.e. IL-21 or Bcl-6 expression was impaired in
the deceased patients. Alternatively, considering the
ubiquitous T cell responses and antibody production in
convalescent patients!'”), the T cell or B cell repertoire
diversity might be reduced in the deceased patients.

Our study has limitations on several aspects. The
sample size is small due to the nature of the study.
It may not fully represent all deceased COVID-19
patients in terms of immune responses in the draining
lymph nodes of lung tissues. It is highly likely that a
population of deceased patients had robust Tth cell
differentiation and GC formation. Furthermore, we
do not have data on the viral loads within the lung
tissues and hilar lymph nodes to tease out the effects
of viral damages to the lung tissues. While our data
argue an important protective role of adaptive immune
response against SRAS-CoV2 infection, we do not
know the mechanisms underlying the deficiency of

Tth generation and GC formation in the deceased
COVID-19 patients. Further pertained studies are
warranted and will provide critical information on
the immune responses against SARS-CoV2 and
pathogenesis of COVID-19.

In summary, we found a deficiency of CDS8*
cytotoxic T cells, CD4" T cells and B cells in the lung
tissues and a severe deficiency of Tth cells and GCs
in the draining hilar lymph nodes in the investigated
deceased COVID-19 patients. Understanding the
mechanisms of the deficiency of adaptive immune
responses in these patients will be the key for the
management of this epidemic.
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