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Many studies have been performed in severe COVID-19 on immune cells in the circulation and on cells obtained
by bronchoalveolar lavage. Most studies have tended to provide relative information rather than a quantitative
view, and it is a combination of approaches by various groups that is helping the field build a picture of the
mechanisms that drive severe lung disease. Approaches employed to date have not revealed information on lung
parenchymal T cell subsets in severe COVID-19. Therefore, we sought to examine early and late T cell subset
alterations in the lungs and draining lymph nodes in severe COVID-19 using a rapid autopsy protocol and
quantitative imaging approaches. Here, we have established that cytotoxic CD4+ T cells (CD4 + CTLs) increase
in the lungs, draining lymph nodes and blood as COVID-19 progresses. CD4 + CTLs are prominently expanded in
the lung parenchyma in severe COVID-19. In contrast CD8+ T cells are not prominent, exhibit increased PD-1
expression, and no obvious increase is seen in the number of Granzyme B+ CD8+ T cells in the lung paren-
chyma in severe COVID-19. Based on quantitative evidence for re-activation in the lung milieu, CD4 + CTLs may
be as likely to drive viral clearance as CD8+ T cells and may also be contributors to lung inflammation and
eventually to fibrosis in severe COVID-19.

1. Introduction

When hospitalized patients with acute COVID-19 were traced back to
establish whether they had a previous mRNA vaccine course in the
previous 3 to 6 months or had been naturally infected, the Odds Ratio
supporting a protective effect of vaccination over natural infection
ranged from 5 to 7 depending on the vaccine taken. However, when
patients were segregated by age in those 64 and older the Odds Ratio
favoring prior mRNA vaccination over natural infection rose to 19.5 [1].

* Corresponding authors.

Persistence of SARS-CoV-2 in the gut for many months after a lung
infection has also been documented by biopsy studies [2]. A recent study
further suggests that SARS-CoV-2 persists in pulmonary and extra-
pulmonary sites including the brain for up to seven months after infec-
tion [3]. These studies suggest that adaptive immunity against this virus
is sub-optimal at least in the first six to eight months or so after infection,
and that viral persistence might contribute to the Post-Acute Sequelae of
SARS-CoV-2 (PASC) [4,5].

Why might prior infection result in sub-optimal adaptive immunity?
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In severe COVID-19, rapid autopsy studies revealed a loss of T follicular
helper cells and of germinal centers. We showed that this phenomenon
was linked to a prominent extrafollicular B cell response in the lymph
nodes and the blood and switched memory phenotype B cells were
readily observed in the lymph nodes and were shown to be antigen-
specific in the blood [6]. It is now well established that the humoral
immune response is sub-optimal roughly during the first six months of
COVID-19, with switched memory B cells largely of extra-follicular
origin, a lack of neutralization breadth, and limited somatic hyper-
mutation [7-9]. While the altered cytokine milieu in the lungs and in
draining lymph nodes likely impedes T follicular helper cell differenti-
ation, we sought to ask if quantitative evidence supported the attenua-
tion of cellular immunity as well in COVID-19, that might possibly help
explain why there is viral persistence in this disease.

Lymphocyte populations have been extensively analyzed in patients
with COVID-19. Lymphopenia has been widely documented, especially
in severe disease, but the underlying basis for this phenomenon remains
poorly understood [10,11]. Flow cytometry including high dimensional
analyses of peripheral blood T lymphocytes has demonstrated the het-
erogeneity of the immune response in patients hospitalized with COVID-
19 and has helped identify several immune signatures that have been
linked to distinct clinical outcomes [12]. Crucial studies on circulating
lymphocytes have established the existence of antigen-specific T cells in
COVID-19 [13-19]. Single cell RNA-sequencing studies have also been
performed on circulating T cells in severely ill patients [17,20,21], and
one study showed the expansion of antigen-specific TPH (T peripheral
helper)-like and cytotoxic CD4+ T cells [17]. Expansion in the blood of
antigen specific CD8+ T cells that contribute to virus elimination has
been documented in other viral infections [22,23], but interestingly in
COVID-19 although antigen-specific CD8+ T cells have been seen in the
blood these cells have not revealed evidence either for quantitative
temporal increases in the acute stages or evidence of antigen-specific
CD8+ T cell clonal expansion in acute COVID-19.

Many studies have been performed on bronchoalveolar lavage exu-
dates from severely ill COVID-19 patients [24-27], and different studies
have revealed dysfunctional CD8+ T cells and expansion of Th17 cells
[28,29]. An autopsy study using a spatial transcriptomic imaging
approach revealed few detectable T cells in the lungs in severe COVID-
19 and no information on T cell subsets [30]. Two studies using single
nuclear RNA sequencing on rapid autopsies of the lung (single cell
sequencing was not technically possible) suggested that T cells are not
abundant in the lungs, but no details about T cell subsets were elicited by
this approach as well [31,32]. One study on autopsies used targeted
RNA-sequencing examining the expression of selected genes and
examined gene signatures to quantify immune cells and indirectly
concluded that CD8+ T cells were increased late in severe disease,
though they had a dysfunctional signature [33]. An examination of
antigen-specific T cell responses has been undertaken in convalescent
subjects undergoing lung resection for other reasons, and revealed
SARS-CoV-2 specific T cell responses in the lung during convalescence
[34]. No study to date has directly quantified T cell subsets in the lung
parenchyma or in the draining thoracic lymph nodes in severe COVID-
19 patients.

We show here, however, using a rapid autopsy protocol and quan-
titative imaging approaches, that in the later stages of severe COVID-19
there was no increase in CD8+ T cells or of re-activated Granzyme B
(GZMB) + CD8+ T cells (CD8 + CTLs) in the lungs compared to the
earlier stages of this disease. However, these CD8+ T cells expressed
high levels of PD-1. Cytotoxic CD4+ T cells (CD4 + CTLs) were the only
CD4+ T cell subset that exhibited significant expansion in the lungs in
severe COVID-19 and the numbers of GZMB + CD8+ T cells and GZMB+
CD4 + CTLs in this end-organ were roughly equivalent. These data
suggest that CD8+ T cells in severe COVID-19 may be dysfunctional,
possibly due to exhaustion, and CD4+ CTLs likely complement
remaining functional CD8 + CTLs in order to limit or eliminate the virus.
These quantitative findings provide the only picture of T cell subset

Clinical Immunology 237 (2022) 108991

alterations in the lung parenchyma induced in the acute stages of severe
SARS-CoV-2 infection.

2. Materials and methods
2.1. Human subjects

2.1.1. Tissue analysis cohort

Thoracic lymph nodes and lung samples from COVID-19 patients
were obtained through the Brigham and Women's Hospital Department
of Pathology and included 22 patients (information on age and gender in
Table Sland S2) including 16 with laboratory confirmed COVID-19 who
underwent autopsy in 2020. All patients had tested positive for SARS-
CoV-2 by RT-PCR of nasopharyngeal swabs in a laboratory during hos-
pital admission. All cases were divided into two groups; early (less than
ten days from respiratory symptoms onsets to death, hospitalization of
up to ten days), and late (hospitalized for 15-36 days prior to death).
Patients who had been on trials for known immunosuppressive agents
were excluded. Controls were age- and gender-matched individuals with
lung disease who were exhaustively investigated when hospitalized but
had no evidence for SARS-CoV-2 infection (Table S2; Kaneko et al.,
2020).

2.1.2. Peripheral blood cohort

Peripheral blood samples were drawn from both Outpatients and
Inpatients with COVID-19 at Massachusetts General Hospital and fresh
blood was analyzed for flow cytometry using a multi- color panel (in-
formation in Table S3). Data is presented on T cell populations from 62
patients, including moderately ill, severely ill and convalescent patients.
Convalescence was defined as a clinically asymptomatic state on the
date of blood draw, either from a baseline asymptomatic state or recu-
perated from moderate clinical symptoms of COVID- 19. Moderate dis-
ease was defined as active clinical symptoms of COVID-19 on the date of
blood draw that did not necessitate a hospital admission. Severe disease
was defined as active clinical symptoms of COVID-19 on the date of
blood draw that did necessitate a hospital admission. Severe disease was
further subdivided by maximum CRP level during hospital admission as
CRP < 200 mg/L classified as ‘CRP intermediate (int)’ and CRP > 200
mg/L as ‘CRP high (hi).

2.2. Study approval

This study was conducted with the approval of the Institutional Re-
view Boards at the Massachusetts General Hospital and the Brigham and
Women's Hospital.

2.3. Multi-color immunofluorescence staining

Tissue samples were fixed in formalin, embedded in paraffin, and
sectioned. These specimens were incubated with the following anti-
bodies: anti-CD3 (A045229-2; DAKO), anti-CD4 (ab133616; Abcam),
anti-Pan-CK (ab27988; Abcam), anti-CD31 (3528; Cell Signaling Tech-
nology), anti-SLAMF7 (HPA055945; Sigma-Aldrich), anti-CX3CR1
(ab8021; Abcam), anti-T-bet (ab150440; Abcam), anti-GATA3
(MA1028; Invitrogen), anti-Ror gamma (ab212496; Abcam), anti-
CXCR5 (clone: MAB190; R&D Systems), anti-FoxP3 (clone: 98377,
Cell Signaling Technology), anti-CD8 (ab85792; Abcam), anti-PD1
(B13300; Lifespan Bioscience), anti-GZMB (ab4095; Abcam), anti-
HLA-DR (ab20181; Abcam), anti-TGF-p (ab27969; Abcam) and anti-
cleaved caspase-3 (9664; Cell Signaling Technology) followed by incu-
bation with a secondary antibody using an OpalTM Multiplex Kit (Perkin
Elmer). The samples were mounted with ProLongTM Diamond Antifade
mountant containing DAPI (Invitrogen).
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Fig. 1. A paucity of activated CD8+ T cells and infiltration of SLAMF7+ Granzyme B+ CD4+ T cells in the lungs in severe COVID-19

(A) Representative multi-color immunofluorescence images of CD8 (red), GZMB (green) and DAPI (blue) staining in a lung from a COVID (COV) -19 patient. Arrows
indicate GZMB expressing CD8+ T cells. (B) Absolute numbers of CD8+ T cells (left) and GZMB+CD8+ T cells (right) in lungs from early (purple) (n = 8) and late
(blue) (n = 8) COV-19 and non-COVID-19 (non-COV-19) patients (green) (n = 6). (C) Representative multi-color immunofluorescence images of CD8 (red), PD1
(green) and DAPI (blue) staining in a lung from a COV-19 patient. Arrows indicate PD1+ CD8+ T cells. (D) Absolute numbers and relative proportions of PD1 +
CD8+ T cells in lungs from early (purple) (n = 8) and late (blue) (n = 8) COV-19 and non-COV-19 patients (green) (n = 6). (E) Representative multi-color
immunofluorescence images of CD4 (red), SLAMF7 (purple), GZMB (green) and DAPI (blue) staining in a lung from a COV-19 patient. Arrows indicate GZMB+
SLAMF7+ CD4 + CTLs. (F) Absolute numbers of GZMB+ SLAMF7+ CD4+ T cells in lungs from early (purple) (n = 8) and late (blue) (n = 8) COV-19 and non-COV-19
patients (green) (n = 6). (G) Absolute numbers of GZMB-+ SLAMF7+ CD4 + CTLs (purple) and GZMB+ CD8+ T cells (blue) in lungs from early (left) (n = 8) and late
(middle) (n = 8) COV-19 patients and non-COV-19 patients (right) (n = 6). Multiple comparisons are controlled for by Kruskal-Wallis test. P values are calculated by
paired t-test. *p < 0.05; **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.4. Microscopy and quantitative image analysis

Images of the tissue specimens were acquired using the TissueFAXS
platform (TissueGnostics). For quantitative analysis, the entire area of
the tissue was acquired as a digital grayscale image in five channels with
filter settings for FITC, Cy3, Cy5 and AF75 in addition to DAPIL. Both in
the lungs and in lymph nodes, we analyzed the entire area including
airspaces such as alveoli, blood vessels and lymph vessels. Cells of a
given phenotype were identified and quantitated using the TissueQuest
software (TissueGnostics), with cut-off values determined relative to the
positive controls. This microscopy-based multicolor tissue cytometry
software permits multicolor analysis of single cells within tissue sections
similar to flow cytometry. StrataQuest (TissueGnostics) software was
also used to quantify cell-to-cell contact. In the StrataQuest cell-to-cell
contact application, masks of the nuclei based on DAPI staining estab-
lish the inner boundary of the cytoplasm and the software “looks” out-
wards towards the plasma membrane boundary. Overlap of at least 3
pixels of adjacent cell markers is required to establish a “contact” cri-
terion. Although the software has been developed and validated more
recently, the principle of the method and the algorithms used have been
described in detail elsewhere [35].

2.5. Quantification and statistical analysis

For tissue studies, flow cytometry and clinical correlations, data are
shown as median [interquartile range: 25th-75th percentiles]. Graph-
Pad Prism version 8 was used for statistical analysis, curve fitting and
linear regression. A two-tailed Mann-Whitney U test was used to
calculate p values for continuous, non-parametric variables. The paired

t-test was also performed to calculate p-values between two variables in
the same subject. For comparing more than one population, Kruskal-
Wallis testing was used with Dunn's multiple comparison testing. A p
value of <0.05 was considered significant.

2.6. Flow cytometry

1 million fresh PBMCs were stained within 2 h of isolation. Prior to
antibody staining, Fc receptors were blocked using human FcR blocking
reagent (Miltenyi) at a concentration of 1:50 at 4 °C for 10 min. Cells
were surface stained at 4 °C, protected from light, using optimized
concentrations of fluorochrome-conjugated primary antibodies for 30
min as well as live/dead fixable blue stain (Thermo Fisher) at a con-
centration of 1:20 using the following antibody panels (clone, manu-
facturer): CD14 (HCD14, Biolegend), CD19 (HIB19, Biolegend), CD34
(581, Biolegend), CD94 (HP-3D9, BD Biosciences), CD11c (Bul5, Bio-
legend), CD3 (UCHT1, BD Biosciences), CD4 (SK3, BD Biosciences), CD8
(RPA-T8, BD Biosciences), CD38 (HIT2, BD Biosciences), HLA-DR (1.243,
Biolegend), CD57 (NK-1, BD Biosciences), CD25 (2A3, BD Biosciences),
CXCR3 (G025H7, Biolegend), CCR6 (GO34E3, Biolegend), CCR4
(L291H4, Biolegend), CX3CR1 (2A9-1, Biolegend), PD-1 (EH12.1, BD
Biosciences), CXCR5 (RF8B2, BD Biosciences), CD62L (DREG-56, Bio-
legend), CD45RA (HI100, BD Biosciences), CD127 (A019D5, Biolegend),
CD16 (3G8, BD Biosciences), CD56 (HCD56, Biolegend).

Cells were then washed in PBS and fixed using 4% paraformaldehyde
for 30 min at at 4 °C. Flow cytometry was performed on a BD Symphony
(BD Biosciences, San Jose, CA) and rainbow tracking beads (8 peaks
calibration beads, Fisher) were used to ensure consistent signals be-
tween flow cytometry batches. FCS files were analyzed, and B cell
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Fig. 2. Relative increase in CD4 + CTLs but no expansion of CD8+ T cells in COVID-19 lymph nodes.

(A) Absolute numbers of total CD4+ T cells (left) and CD8+ T cells (right) in lymph nodes from early (purple) (n = 8) and late (blue) (n = 8) COV-19 patients and
non-COV-19 patients (green) (n = 6). (B) Absolute numbers and relative proportions of TFH cells (left) and CD4 + CTLs (right) in lungs from early (purple) (n = 8)
and late (blue) (n = 8) COV-19 patients and non-COV-19 patients (green) (n = 6). (C) Representative multi-color immunofluorescence images of CD4 (red), SLAMF7
(green) and DAPI (blue) staining in lungs from a COV-19 patient (left) and non- COV-19 patient (right). Yellow cells with red (CD4) and green (SLAMF7) merged are
CD4 + CTLs and are frequently seen in COV-19 patients. In contrast, red and green can still be separately identified, and yellow cells are relatively sparse in non-COV-
19 patients. (D) Absolute numbers and relative proportions of TH1 (left), TH2 (middle right), TH17 (middle right) and Treg (right) cells in lungs from early (purple)
(n = 8) and late (blue) (n = 8) COV-19 patients and non-COV-19 patients (green) (n = 6). (E) Ratios of percentage of CD4 + CTLs to that of TFH cells in total CD4+ T
cells in lymph nodes (LN) (left) and lungs (right) from late COV-19 patients (purple) (n = 8) and non-COV-19 patients (blue) (n = 6). Mann-Whitney U test was used
to calculate p value. *p < 0.05; **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

subsets were quantified using FlowJo software (version 10).

2.7. Peptide stimulation of PBMCs

PBMC:s from 3 hospitalized subjects with acute COVID-19 were used
for the activation-induced marker assay. Briefly, cryopreserved PBMCs
were thawed and rested at 37 °C prior to peptide stimulation. Cells were
quantified and plated at a concentration of approximately 2.5 million
cells per mL in AIM-V media. Cells were then incubated for 16 h at 37C,
5% CO2 with or without the addition of an overlapping peptide pool of
Spike antigen (JPT Peptide Technologies; PM- WCPV-S) according to the
manufacturer's recommended protocol. Cells were harvested, washed,
and underwent standard Fc block and cell staining for flow cytometric
analysis. Additional antibodies used in this assay not included in the
other blood studies included mouse anti-human CD69-BB700 (BD
Bioscience, clone FN50, stained at 1:50 at 4C), mouse anti-human CD38-
BUV661 (BD Bioscience, clone HIT2, stained at 1:400 at 37C), mouse
anti-human CX3CR1-APC (BioLegend, clone 2A9-1, stained at 1:50 at
4C), and mouse anti-human CD28-BV480 (BD Bioscience, clone CD28.2,
stained at 1:100 at 37C) .

3. Results

3.1. A paucity of activated CD8+ T cells in the lungs late in severe
COVID-19

Staining of epithelial and endothelial cells confirmed that lung

architecture is severely distorted in severe COVID-19 (Fig. S1A).Given
the rampant viral pneumonia and severe lung inflammation seen in se-
vere COVID-19, the expectation was that there would be large-scale
infiltration of the lungs by activated CD8+ T cells, and that these cells
would be re-activated in the lungs [36-38]. As evidence for recent re-
activation, we examined GZMB expression in CD8+ T cells. There was
little discernible infiltration of CD8+ T cells in the lungs in severe
COVID-19 and no increase in CD8+ T cells expressing GZMB as
compared with age-matched control lung tissues from rapid autopsies on
non-COVID-19 patients collected in the same time window (Fig. 1A, B).
Indeed, the total numbers of activated lung parenchymal CD8+ T cells in
severe COVID-19 averaged as little as 10 to 15 cells per sq. mm of lung
parenchyma. Moreover, the numbers of activated CD8+ T cells in a
range of age-matched controls with no clinically established lung
infection was higher than in the COVID-19 patients. Although there was
also no evidence for CD8+ T cell lymphopenia in the draining thoracic
lymph nodes in severe COVID-19, no expansion of CD8+ T cells was
observed in these draining lymph nodes in both the acute and resolving
phases of severe disease (Fig. 2A). In addition to the high levels of TNF-a
in draining lymph nodes, we noted the induction of a potentially
immunosuppressive milieu that is TGF-p rich (Fig. S1B, S1C).

PD-1 expression per se on CD8+ T cells (studied in the blood) does
not necessarily imply dysfunction [39], but a relatively high proportion
of the limited numbers of CD8+ T cells found in the lungs in severe
COVID-19 do express PD-1 (Fig. 1C, D). Since TGF-f} signaling can also
contribute to PD-1 expression in T cells, we suspect that the altered
lymph node milieu contributes to this process [40].
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Fig. 3. CD4+ T cell subsets in the lungs in severe COVID-19.

(A) Absolute numbers of total CD4+ T cells in lungs from early (purple) (n = 8) and late (blue) (n = 8) COV-19 and non-COV-19 patients (green) (n = 6). (B)
Representative multi-color staining showing TH1, TH2, TH17, TFH and Treg cells in lungs from COV-19 patients. [TH1: CD4+ (red) T-bet+ (light blue)] [TH2: CD4+
(red) GATA3+ (purple)] [TH17: CD4+ (red) RORy+ (yellow)] [TFH: CD4+ (red) CXCR5+ (green)] [Treg: CD4+ (red) FoxP3+ (green)]. (C) Absolute numbers and
relative proportions of TH1 (upper left), TH2 (upper middle), TH17 upper right), TFH (lower left) and Treg (lower middle) cells in lungs from early (purple) (n = 8)
and late (blue) (n = 8) COV-19 patients and non-COV-19 patients (green) (n = 6). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Although only a small fraction of CD8+ T cells express GZMB, the
numbers of CD4+ SLAMF7+ T cells that express GZMB increased late in
the disease and at this time the absolute numbers of GZMB expressing
CD4 + CTLs and CD8+ T cells were comparable (Fig. 1E-G). In summary,
we did not observe any increase in cytotoxic CD8+ T cells in the lungs in
severe COVID-19 compared to controls, most of these cells expressed PD-
1 and there was a paucity of re-activated GZMB expressing CD8+ T cells
in this end-organ in acute disease.

3.2. Loss of TFH cells and an increase in CD4 + CTLs in draining lymph
nodes in severe COVID- 19

Examination of the draining lymph nodes revealed CD4+ T cell
lymphopenia and a late increase in cells with a CD4 + CTL phenotype
(Fig. 2A-D). Most of the CD4+ T cell lymphopenia could be attributed to
the loss of CXCR5 + CD4+ TFH cells in the lymph nodes (Fig. 2B). The
increase in CD4 + CTL phenotype cells in draining lymph nodes was also
validated by CX3CR1 staining (Fig. S2A, S2B). Relative attenuation was
seen of TH2 cells.

Interestingly there is an inverse relationship between the decrease in
T follicular helper cells in draining lymph nodes and the lungs in severe
COVID-19 and an increase in CD4 + CTLs (Fig. 2E). This phenomenon
may represent an evolutionary conserved immune deviation phenome-
non that occurs in a secondary lymphoid organ milieu, but only in the
context of severe intracellular infections, driving activated CD4+ T cells
away from a humoral TFH cell function towards a more cellular TH1 or
CD4 + CTL immune context [41-43].

3.3. Increased infiltration of the lungs by cytotoxic CD4+ T cells is
relatively prominent as severe COVID-19 progresses

We systematically quantitated prominent CD4+ T cell subsets in
patients with COVID-19 in the lung and in draining thoracic lymph
nodes. In spite of documented CD4+ T cell lymphopenia in draining
lymph nodes in severe COVID-19 (see also Fig. 2A), infiltration of the
lungs by CD4+ T cells was comparable in absolute numbers between
COVID-19 patients and age-matched controls (Fig. 3A) [6]. The absolute
numbers and relative proportions of T-bet expressing TH1 cells, GATA3
expressing TH2 cells, RORC expressing TH17 cells, CXCR5 expressing
TFH cells and FOXP3 expressing Tregs in the lungs in COVID-19 were
comparable to the numbers seen in controls (Fig. 3B, C).

The validity of using CX3CR1 and SLAMF7 as markers for CD4 +
CTLs has been previously established and we have re-examined this
issue and revalidated it in the COVID-19 context by multi-color flow
cytometry and the intracellular analysis of granzymes and perforin
(Fig. S3) [44,45]. The one CD4+ T cell subset that was clearly expanded
in the lungs of COVID-19 patients was the CD4 + SLAMF7+ CD4 + CTL
population (Fig. 4A, B). A very similar increase was observed using
CX3CR1 instead of SLAMF7 as a marker for CD4 + CTLs (Fig. 4C, D).
CD4 + CTLs were increased both in terms of absolute numbers as well as
proportions and this increase was most significant in late or resolving
patients. Because CD4 + CTLs induce cell death in a class II restricted
manner, we examined the expression of HLA Class II in the lungs. In this
milieu of inflammation, many endothelial cells and about 60% of
epithelial cells expressed HLA Class II (Fig. 5A, B). CD4 + CTLs expand
in many human fibrotic diseases and secrete cytokines [46-49]. The late
influx of CD4 + CTLs and the clearance of virus may be linked to both an
increase in apoptotic death of infected cells (Fig. 5C, D) and enhanced
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in a lung from a COV-19 patient. (D) Absolute numbers and relative proportions of CX3CR1+ CD4 + CTLs in lungs from early (purple) (n = 8) and late (blue) (n = 8)
COV-19 patients and non-COV-19 patients (green) (n = 6). Multiple comparisons are controlled for by Kruskal-Wallis test. *p < 0.05; **p < 0.01. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

inflammation in the lungs.

Macrophage infiltration is a hallmark of COVID-19, and the macro-
phages and T cells likely collaborate to promote inflammation in the
lungs in COVID-19 [50,51]. A recent study utilized multipe modalities
including tissue single-cell genomics described the accumulation of
macrophages expressing profibrotic genes in COVID-19 patinets with
acute respiratory distress syndrome (ARDS) and pulmonary fibrosis
[52]. We therefore investigated whether CD4 + CTLs coexist with
macrophages in COVID-19 lung lesions. Lung infiltrating macrophages
with abundant ASC-1 specks (a hallmark of inflammasome activation)
were abundant early and even more abundant later in the disease,
indicative of ongoing inflammation at a time when SARS-CoV-2 may
have largely been eliminated from the lungs (Fig. 5E, F).

Overall, these data indicated that CD4 + CTLs represent a prominent
CD4+ T cell subset that infiltrates and/or expands in the major affected
organ in severe COVID-19, and this infiltration/expansion is most
prominent in the resolving phase of the disease (in spite of persisting
CD4+ T cell lymphopenia in draining lymph nodes). Macrophages also
infiltrate the lung, and that is more pronounced in the late phase as well
as CD4 + CTLs, which may contribute to the pulmonary fibrosis.

3.4. Blood “TFH-like” cells do not mirror the loss of TFH cells in lymph
nodes in severe COVID-19

Although T cell subsets in the lungs reflect changes initiated in
draining lymph nodes, many immune cells seen in lymph nodes and in
the lungs are localized to tissue sites and T cells in the blood and the
lungs do not follow parallel paths for the most part. The blood does
however more readily permit the examination of antigen-specific cells
and it is currently not technically possible to efficiently examine

antigen-specific T cells in autopsy tissues. CD4 + CTLs have been studied
in the blood of COVID-19 patients by examining SARS-CoV-2 peptide-
specific CD4+ T cells using an assay in which the authors gated on an-
tigen- activated CD4+ T cells in vitro and then performed single-cell
RNA-sequencing [17]. Though it is not possible to gauge the magni-
tude of the specific response in those reported blood studies, leave alone
determine whether these cells do or do not infiltrate tissues, the
demonstration of antigen specific cells in blood does provide valuable
information regarding immunity being virus-directed.

We used 24 color-flow cytometry to analyze effector CD4+ T cell
subsets from 62 convalescent and acute COVID-19 patients. CD4+
CD62Llo CD45RAlo effector T cells were gated on and eight major non-
overlapping CD4+ T cell subsets (or their close equivalents) were
interrogated using surface markers. As seen in Fig. 6A and C, the only
CD4+ T cell subsets that were expanded in acute disease compared with
convalescence were CD4+ CX3CR1+ T cells (CD4 + CTLs) and CD4 +
CXCR5-PD-1+ HLA-DR+ T peripheral helper (TPH) cells. CXCR5 + CD4
-+ TFH-like cells in the blood were neither expanded nor decreased. The
correlation of both CD4 + CTL and TPH cell expansion with disease
severity is also depicted in Fig. 6B. Limited AIM assays also confirm that
blood CD4 + CTLs are SARS-CoV-2 specific (Fig. S4). These data,
although they cannot be extrapolated even in a semi-quantitative way to
the lungs in severe COVID-19, indirectly support our findings, based on
the examination of the lung parenchyma, that CD4 + CTLs likely
represent a functionally relevant CD4+ T cell subset in severe COVID-
19.

4. Discussion

When an organ is infected, lymphocyte populations are activated in
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draining lymph nodes and home to the site of infection. The degree to
which CD8+ T cells in particular, can be clonally expanded, has long
been established to be enormous, and indeed this was first established in
a human viral context in 1996 [53]. In many murine models of respi-
ratory infections including by respiratory syncytial virus and influenza,
expansion of CD8+ T cells is seen in the draining lymph nodes and in the
lungs [54-56].

In order to connect specific T cells to disease pathology in humans, T
cell subsets in the affected end organ require to be quantitatively
analyzed; ideally data should be obtained in parallel from draining
lymph nodes. Synthesizing quantitative data on T cell subsets in the lung
parenchyma and lymph nodes obtained from rapid autopsies with other
non-quantitative data, including published reports on antigen-specific T
cell subsets in the blood of living patients, may help build a more ac-
curate picture of the adaptive T cell response in the lungs to SARS-CoV-
2. Comprehensively following changes in individual T cell subsets in any
end-organ and the relevant draining lymph nodes has rarely been un-
dertaken in any human infection, though newer technologies may make
this possible. In COVID-19 there is no ethical basis by which antigen-
specific T cells could have been studied at the site of active disease
(namely the lungs) in severely ill patients, but we have nevertheless
successfully interrogated both the lungs and draining lymph nodes for
major T cell subsets and established the lack of any discernible increase
in activated CD8+ T cells and the relative expansion of CD4 + CTLs. We
consider it likely that this milieu-dependent transient impairment of
CD8+ T cell immunity is not antigen-specific and might partially
contribute to viral and fungal superinfections described in severe
COVID-19 [57]. It is also the likely reason for the long-term tissue
persistence of SARS-CoV-2 in many infected individuals.

We show here that in severe COVID-19 there is no discernible in-
crease of CD8+ T cells in the draining lymph nodes or in the lungs. We
did not gauge proliferation or activation directly and can only comment
on absolute cell numbers in the lung parenchyma and in draining lymph
nodes. One likely biological explanation for this striking lack of CD8+ T
cell reactivation and expansion has emerged from studies that indicate
that the ORF-6 and ORF-8 proteins of SARS CoV-2 may contribute to the
downregulation of HLA class I expression in infected cells. ORF-6 has
been shown to both inhibit the transcriptional induction and nuclear
entry of NLRC5, a key transcriptional regulator of HLA class I expression
[58]. SARS-CoV-2 ORF-8 is a resident endoplasmic reticulum protein
that can physically associate with newly synthesized HLA class I mole-
cules and promote their entry into autophagosomes as a prelude to
lysosomal degradation [59]. However, other mechanisms might impair
the initial activation of CD8+ T cells in draining lymph nodes as well.
The severity of the viral infection and possibly excessive DAMP gener-
ation in severe COVID-19 significantly alter the milieu of the draining
lymph nodes, inducing very high levels of TNF-a as we have previously
reported [6]. TNF-a can influence CD8+ T cells in a number of positive
and negative ways but high levels of this cytokine are known to cause
the elimination of CD8+ effectors [60]. Type I interferons have also been
reported to enhance the cytolytic activity of recruited CD8+ effector/
memory T cells and thus control early viral replication in a lung viral
infection setting [61]. The reported presence of autoantibodies to Type I
interferons as a pre-disposing factor for severe COVID-19 pneumonia
[62], the functional lack of Type I interferons could contribute to CD8+
T cell dysfunctionality in some patients with severe COVID-19.

We speculate that during severe intracellular infections perhaps
provide the conditions for the expansion of CD4+ CTLs, a CD4+ sub-
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Fig. 6. Blood TFH-like cells do not mirror the loss of TFH cells in lymph nodes in severe COVID-19.

(A) TFH cells (left) and CD4 + CTLs (right) were defined by surface markers including chemokine receptors and cytokine receptors. Dot plots display circulating T cell
subsets as proportions of total CD4+ effector-memory T cells. Multiple comparisons are controlled for by Kruskal-Wallis test. *p < 0.05; **p < 0.01. CRP = C-reactive
protein. Conv = convalescent. (B) CD4 + CTL accumulation correlates with disease severity as assessed by CRP levels. (C) CD4+ T cell subsets in the peripheral blood
of patients with COVID-19 at states of convalescence (n = 39), severe illness with an intermediate maximum CRP level during hospitalization (< 200 mg/L; severe
(CRP int); n = 10), and severe illness with a high maximum CRP level during hospitalization (> 200 mg/L; severe (CRP hi); n = 11) as defined by the clinical criteria
listed in supplementary Information Table 3. A. TH1, TH2, TH17 and Treg cells were defined by surface markers including chemokine receptors and cytokine re-
ceptors and not on the basis of transcription factors, hence the nomenclature with a suffix “-like”. Dot plots display circulating T cell subsets as proportions of total
CD4+ effector-memory T cells. All p-values were calculated using the Kruskal-Wallis test to control for multiple comparisons. CRP = C-reactive protein. Conv =

convalescent.

lineage that may possibly have evolved to compensate for CD8-+ T cell
dysfunction that is sometimes observed in severe or chronic infections,
CD4 + CTLs have previously been only studied in the blood in the
context of COVID-19 and this previous description of the relatively se-
lective expansion of CD4 + CTLs in the blood in severe COVID-19 are
consistent with our current results on T cells in the lung parenchyma,
draining lymph nodes and the blood [17].

Although there have been many qualitative studies of T cell in
COVID-19 in blood and bronchoalveolar lavage specimens, no other
quantitative assessments of CD8+ T cells or CD4+ T cell subsets in the
lung parenchyma during acute severe COVID-19 have been reported. It
has been established that immune changes in the circulation in COVID-
19 poorly mirror immunity in the lungs, underscoring the importance of
quantifying immune cells in the lung parenchyma [63,64].

The study described here remains the only quantitative study of lung
parenchymal T cell subsets in patients with severe acute COVID-19. A
study using targeted RNA-sequencing on autopsy tissues from patients
who succumbed to severe COVID-19 has suggested relative CD8+ T cell
expansion later in severe disease and the signature also suggested CD8+
T cell dysfunction [33].

The increase in inflammation that accompanies the late surge in CD4
+ CTLs may potentially contribute to viral clearance, but this surge may
also have negative consequences. CD4 + CTLs can, in some disease
contexts, possibly provide the adaptive immune trigger for fibrosis
[46-49]. Given the abundance of macrophages in the lungs, the studies

on bronchoalveolar lavage derived cells that suggest that infected
macrophages induce chemoattractant to attract T cells and the potential
contribution of both these cell types to the fibrosis seen in COVID-19, the
possibility that these cells might also contribute in some patients to the
Post-Acute Sequelae of SARS-CoV-2 (PASC) should be kept in mind.
Indeed, progressive lung fibrosis has been reported even after less severe
acute COVID-19 [52,65].

5. Conclusions

A quantitative imaging approach identified temporal changes in T
cell subsets, including the expansion of CD4 + CTLs and no obvious
increase of activated CD8+ T cells in the lungs in severe COVID-19. A
schematic model from our previous and present study for altered lymph
node milieu resulting in sub-optimal immune pressure in the lungs in
COVID-19 is presented in graphical abstract. The mechanisms by which
an immunosuppressive draining lymph node milieu is generated in the
disease and the exact molecular mechanisms that drive what appears to
be an immune deviation event causing developing TFH cells to possibly
branch off into a CD4 + CTL fate, require further investigation.
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