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Abstract: Small animal models that accurately model pathogenesis of SARS-CoV-2 variants are
required for ongoing research efforts. We modified our human immune system mouse model to
support replication of SARS-CoV-2 by implantation of human lung tissue into the mice to create
TKO-BLT-Lung (L) mice and compared infection with two different variants in a humanized lung
model. Infection of TKO-BLT-L mice with SARS-CoV-2 recapitulated the higher infectivity of the
B.1.1.7 variant with more animals becoming infected and higher sustained viral loads compared to
mice challenged with an early B lineage (614D) virus. Viral lesions were observed in lung organoids
but no differences were detected between the viral variants as expected. Partially overlapping but
distinct immune profiles were also observed between the variants with a greater Th1 profile in VIDO-
01 and greater Th2 profile in B.1.1.7 infection. Overall, the TKO-BLT-L mouse supported SARS-CoV-2
infection, recapitulated key known similarities and differences in infectivity and pathogenesis as well
as revealing previously unreported differences in immune responses between the two viral variants.
Thus, the TKO-BLT-L model may serve as a useful animal model to study the immunopathobiology
of newly emerging variants in the context of genuine human lung tissue and immune cells.

Keywords: SARS-CoV-2; humanized mice; variants of concern; immunity

1. Introduction

Two years after the first reported COVID-19 case, SARS-CoV-2 continues to challenge
healthcare, educational and economic systems worldwide despite the extensive rollout of
highly effective vaccines worldwide. SARS-CoV-2 continues to circulate widely in many
areas with major variants of concern (VOC) such as the Alpha (B.1.1.7), Delta (B.1.617.2)
and recently Omicron (B.1.1.529) variants initiating sequential and significant expansions
in caseloads worldwide. The most significant variants to date have developed mutations
that result in greater infectivity, altered pathogenicity, decreased vaccine efficacy or a
combination of these factors [1].

Numerous notable mutations have emerged in VOC, including within the spike
protein that is used by the virus to attach to and enter target cells [2]. Spike mutations
identified during the early stages of the global pandemic including D614G, N501Y, N439K
and Y453F, were shown to increase infectivity via enhanced binding to ACE2 and for certain
mutations resulted in reduced neutralizing activity of monoclonal antibodies (mAb) [3–7].
Deep mutational scanning further identified E484K and S477G spike mutations as ranking
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prominently in reducing neutralization or escape of the mAbs tested [2,8]. Mutations
L452R and T478K in the Delta variant are associated with reduced viral neutralization
by vaccine-induced antibodies [9] and clinical data suggested that spike mutations were
able to reduce vaccine-mediated protection from infection [10–13]. In addition, non-spike
mutations in viral proteins such as N, orf6, and orf9b might also play a role in differential
evasion of innate immunity by VOCs and altered pathogenesis [14].

With some countries experiencing low vaccine uptake, short-lived humoral immunity
to current VOC and inequitable vaccine access worldwide, the evolution and emergence
of additional SARS-CoV-2 VOC is likely to continue. New VOC are likely to emerge
that possess mutations that can impact viral infectivity, pathogenicity, vaccine efficacy and
susceptibility to therapeutics. Thus, animal models that can be used to rapidly screen newly
emerging variants and specific mutations for their impact on these parameters are crucial to
continued success in the battle against SARS-CoV-2. Numerous animal models such as non-
human primates, ferrets and hamsters have been employed in COVID-19 research [15,16],
each with their own set of advantages and caveats [17,18]. In all animal models, species-
specific differences in the sequence and structure of ACE2 [19,20], cellular physiology and
immune responses [21,22] may impact the ability to accurately assess differences in VOC
pathogenicity and infectivity as well as to test therapeutics with species-specific modalities
such as interferons [23], and therapeutic antibodies.

Although mice are often the preferred animal model due to their small size and ease of
acquisition and use, they are not natural hosts for all SARS-CoV-2 variants and often require
viral adaptation or transgenic expression of human ACE2 [24,25]. In transgenic mouse
models, the ectopic expression of ACE2 may not fully recapitulate systemic expression
levels in humans complicating interpretation of infectivity studies and the requirement
for viral adaptation precludes the evaluation of VOCs in their natural form. Additionally,
COVID-19 is immune driven and differences in human and animal immune components
and function could confound interpretation of immunopathogenesis studies in animal
models. For example, NKG2D, an activating receptor on NK cells, is elevated in severe
COVID-19 patients [26] suggesting the receptor has an important role in disease. However,
the ligands for NKG2D are different in humans versus mice which may affect its biological
function [27]. Thus, such differences may increase the difficulty of extrapolating the
experimental outcomes observed in mouse models to humans.

Researchers have previously shown that reconstitution of immunocompromised mice
with a human immune system (HIS mice) facilitates the study of viral infections and eval-
uation of therapeutics against viruses with hematopoietic tropism that do not normally
replicate in mice, such as HIV-1 [28]. A variety of HIS models have been developed through
the implantation of human immune cells and/or tissues into a number of immunocom-
promised background mouse strains [29]. We developed a bone marrow, liver and thymus
(BLT) mouse model using C57BL/6 Rag−/−γc

−/−CD47−/− (TKO) mice [30,31]. TKO-BLT
mice have a highly functional human immune system and have proven useful for HIV-1
research [32,33]. However, HIS models do not support human-specific viral infections that
do not have significant hematopoietic tropism such as respiratory viruses that preferen-
tially infect cells within the human lung. To overcome this, HIS mice can be additionally
implanted with human lung tissue that is autologous to the reconstituted human immune
system to support a range of respiratory viruses including coronaviruses [34–37]. In this
study, we modified our TKO-BLT model to support SARS-CoV-2 infection through the
subcutaneous implantation of autologous human lung tissue to produce the TKO-BLT-
Lung mouse (TKO-BLT-L). The TKO-BLT-L mouse developed well vascularized human
lung organoids populated with human immune cells, supported SARS-CoV-2 infection,
recapitulated the differential levels of infectivity seen in humans and revealed previously
unreported distinct immune profiles when challenged with an early B lineage (614D) SARS-
CoV-2 virus compared to the B.1.1.7 VOC. Thus, the TKO-BLT-L model appears useful for
the evaluation of differences in viral infectivity and immunopathobiology of SARS-CoV-2



Viruses 2022, 14, 2272 3 of 19

VOCs within the context of genuine human lung tissue and a bona fide human immune
response.

2. Materials and Methods
2.1. Ethics Statement

Human fetal thymus, liver and lung tissues for reconstitution of humanized mice
were obtained through anonymous donations with informed written consent via Advanced
Bioscience Resources (Alameda, CA, USA) under the University of Saskatchewan Re-
search Ethics Board Bio ID-371. All animal studies were performed under University
of Saskatchewan’s Animal Research Ethics Board protocols 20180079 and 20200016 and
adhered to Canadian Council on Animal Care guidelines.

2.2. Humanized TKO-BLT-L Mice

TKO-BLT mice were generated as previously described [31,32] with the additional
implantation of autologous human lung tissue to make TKO-BLT-Lung (L) mice. Briefly,
a 1 mm3 piece of 17–22-week gestation human fetal thymus and liver was placed under
the kidney capsule of 6–10-week-old male and female TKO mice followed by injection of
1-2× 106 autologous liver-derived CD34+ hematopoietic stem cells. Two pieces (~2–4 mm3)
of autologous fetal lung tissue were then implanted subcutaneously into the back (right and
left back or upper and lower back). Subcutaneous wounds were closed with surgical glue.

2.3. Analysis of Human Immune Cell Reconstitution

TKO-BLT-L mice were bled at 8- and 12-weeks post-surgery. Blood leukocytes were
purified using RBC Lysis buffer (BioLegend, San Diego, CA, USA). Lung organoids were
collected and digested using 60 mg/mL collagenase D (Roche, Basil, Switzerland) and
10 U/mL DNAse I for 1 h before passage through 70 mm filters. Leukocytes were then
isolated using a 40%/70% Percoll gradient. Cells were incubated with anti-human Fc
blocker (Thermo Fisher Scientific, Waltham, MA, USA) before antibody staining. Anti-
mouse specific CD45, was used to exclude mouse leukocytes. Antibodies used included:
CD3 V450, CD4 APC, CD8 APC-eFluor 780, CD14 PC7, CD16 FITC, CD19 PerCP-Cy5.5,
CD45 V500, Live/Dead-PE-Texas Red, CD123 PE (eBioscience, San Diego, CA, USA), CD33
PE (Miltenyi, Bergisch Gladbach, Germany), CD56-AF700, CD11c-APC, HLA-DR and Lin-1
(CD3, CD14, CD16, CD19, CD20, CD56)-FITC (Biolegend). Data were acquired on a BD
CytoFlex (Beckman Coulter, Brea, CA, USA) and analyzed with FlowJo Version 10.6 (BD
Biosciences, Franklin Lakes, NJ, USA).

2.4. Ultrasound

Hair was removed from lung implants using depilatory cream 1 day before ultrasound
imaging. Mice (n = 5 mice, 6 human lung implants, 15–25 weeks post-transplant) were
anesthetized with vaporized isoflurane (maintained at 1.5%) and placed on a heated stage
(37 ◦C) during imaging. Warmed ultrasound gel was applied on the skin over the lung
organoid. Organoids were imaged using a preclinical small animal ultrasound system
(Vevo3100, FujiFilm VisualSonics, Toronto, ON, Canada) with a high resolution 20 MHz
transducer (MX250) fixed to a stepping motor to enable 3D scanning. Both B-mode and non-
linear contrast mode data were collected. Poly dispersed lipid-shelled, perfluorobutane-
filled microbubbles were synthesized as described in [38]. Contrast enhanced ultrasound
imaging in mice was performed after an intravenous bolus injection of 5× 107 lipid-shelled,
perfluorobutane-filled microbubbles in 100 uL saline over 10 s through the tail vein. Lung
volumes were obtained and analyzed using Vevo LAB software (FujiFilm VisualSonics).

2.5. Immunohistochemical Analysis

Lung organoids were harvested and fixed in 4% paraformaldehyde. Slides were
prepared and stained by Prairie Diagnostic Services (PDS) Inc. (Saskatoon, SK, Canada)
Tissue sections were stained with Hematoxylin-eosin (H&E) and Alcian-blue periodic acid-
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Schiff stain to identify microanatomy and mucin secretions, respectively. In addition, lung
organoid sections were stained for human epithelial cells (Cytokeratin 19, 1:50, Abcam,
Cambridge, UK), endothelial cells (CD34, 1:50, Agilent Technologies, Santa Clara, CA,
USA), mesenchymal cells (Vimentin, 1:120K, Sigma-Aldrich, St. Louis, MO, USA), tubulin
(1:100, Sigma-Aldrich), club cells (CC10, 1:4000, Santa Cruz Biotech, Dallas, TX, USA),
human hematopoietic cells (CD45, 1:50, Agilent Technologies), T cells (CD3, 1:25, Thermo
Fisher Scientific), macrophages (CD68, 1:50, Agilent Technologies), B cells (CD20, 1:50,
Biocare Medical, Pacheco, CA, USA), plasmacytoid DC (BDCA-2, 1:400, R&D, Minneapolis,
MN, USA), ACE2 (1:200, Sigma-Aldrich), TMPRSS2 (1:100, Sigma-Aldrich), and SARS-
CoV nucleoprotein (1:6000, Sino Biological, Beijing, China). Following deparaffinization
and blocking of endogenous peroxidase, epitope retrieval was performed in a Tris/EDTA
buffer (pH = 9) for 20 min at 97 ◦C. Primary antibodies were applied for 30 min at room
temperature, and binding of the primary antibodies was detected using an HRP-labelled
polymer detection reagent (Agilent Technologies). The staining was visualized using 3,3′-
diaminobenzidine tetrahydrochloride (DAB) as the chromogen (Agilent Technologies).
The IHC slides were scanned using Aperio Virtual Microscopy System (Leica Biosystems,
Wetzlar, Germany) at 20X resolution and viewed using Aperio ImageScope software (ver-
sion 12.4.3). Organoids stained with H&E were each assessed over 12 observed lesion
parameters (vascular dilation, erythrocyte extravasation, vascular/perivascular lympho-
cyte infiltration, epithelial wall lymphocytic infiltration, proteinaceous exudate in the
lumen, desquamated epithelial cells, macrophages or lymphocytes in the lumen, apoptotic
bodies, granulocytes, type II pneumocyte hyperplasia, thrombus formation, lymphocyte
follicle formation) and assigned scores from 0 (not present) to 3 (strong presence). The
sum of the 12 scores served as the pathology index for each sample. Staining indices were
collated from three independent pathologists and histological comparisons were assessed
in a masked fashion.

2.6. Viruses

The early B lineage (614D) SARS-CoV-2 virus: hCoV-19/Canada/ON/VIDO-01/2020,
(GISAID: EPI_ISL_425177) was isolated from a clinical specimen obtained at the Sunny-
brook Research Institute/University of Toronto (Toronto, ON, Canada) on Vero’76 cells
(ATCC, Manassas, VA, USA). The B.1.1.7 (Alpha) variant was isolated on Vero’76 cells from
a clinical specimen kindly provided by Graham Tipples and Kanti Pabbaraju at Alberta
Health Services (Edmonton, AB, Canada). Virus was initially passaged at a 1:1000 dilution
on mycoplasma-free Vero’76 cells (ATCC) in Dulbecco’s Modified Eagle’s Medium (Sigma)
containing 1% L-glutamine and 1µg/mL of TPCK-trypsin and harvested when 80% cyto-
pathic effect (CPE) was evident. The virus stock was clarified by centrifugation at 4816× g
for 10 min and stored at −80 ◦C until thawed for infections. The virus stock was titrated on
Vero’76 cells by conventional TCID50 assay.

2.7. Viral Challenge

TKO-BLT-L mice with sufficient human immune reconstitution (2 × 105 human CD45+

cells/mL blood) and lung organoid 1–1.5 cm in diameter were included in experiments.
SARS-CoV-2 (1 × 105 TCID in 50 µL saline) was directly injected into each human lung
organoid. Mice were grouped to control as closely as possible for lung organoid size, mouse
and human donor sex and level of human immune reconstitution. Lung organoids were
collected on day 2, 5, 7 and 9 post-challenge. Lung organoids were sectioned into thirds and
each section used for infectious virus assay, real time RT-PCR and immunohistochemistry,
respectively.

2.8. Quantification of Infection

Lung sections were weighed and placed in DMEM before being homogenized in
a Tissuelyser II Homogenizer (Qiagen, Hilden, Germany) at 30 Hz for 6 min. For live
virus assays, tissue homogenates were clarified by centrifugation at 5000× g for 5 min
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and then serially diluted 10-fold in DMEM supplemented with 2% heat-inactivated FBS,
1x L-glutamine, and 1x penicillin–streptomycin. Sample volumes of 50µL were added to
96-well plates of 95% confluent Vero’76 cells in triplicate and incubated for 5 days at 37 ◦C
with 5% CO2 before scoring for the presence of cytopathic effects. For real time RT-qPCR
quantification, viral RNA from 30 mg of tissue was extracted using a RNeasy Plus Mini
kit (Qiagen, Hilden, Germany). The SARS-CoV-2 E-specific real time RT–qPCR assay was
used for the detection of viral RNA. RNA was reverse transcribed and amplified using
the primers E_Sarbeco_F1, E_Sarbeco_R2, and probe E_Sarbeco_P1 using the QuantiFast
Probe RT-PCR kit (Qiagen). Quantification of viral genome copy numbers was done using
a standard curve generated in parallel for each plate using synthesized DNA. The StepOne
Software (Thermo Fisher Scientific) was used to calculate the cycle threshold values.

2.9. Human Cytokine and Chemokine Profile

The human cytokine and chemokine profile was determined using RT2 Profiler PCR
Array Formats E384 (4 × 96) option (Qiagen) according to manufacturer’s instructions.
The RNA was reverse transcribed into cDNA using a RT2 First Strand kit (Qiagen). The
cDNA was then added to RT2 SYBR Green ROX qPCR Mastermix (Qiagen) and 10 µL
aliquots used across the RT2 ProfilerTM PCR Array. Cycle conditions were: 10 min at 95 ◦C;
40 cycles of 15 s at 95 ◦C, and 60 s at 60 ◦C using the QuantStudio™ 6 Pro Real-Time
PCR System (Thermo Fisher Scientific). The Cq values was determined using Design and
Analysis version 2.6. Data were then analyzed using web-based RT2 Profiler PCR Data
Analysis software (Qiagen GeneGlobe online tool: https://dataanalysis2.qiagen.com/pcr
(accessed on 1 January 2022). Gene expression levels were quantified relative to the average
arithmetic mean values obtained for housekeeping genes ACTB, B2M, GAPDH, HPRT1,
and RPLP0.

2.10. Statistical Analysis

Statistical calculations were performed with Prism 9.0 (GraphPad Software, La Jolla,
CA, USA). For comparisons of two separate parametric datasets, unpaired two-tailed
Student’s t-tests were performed and one-way ANOVA with Tukey’s post-test used for
multiple comparisons. For all statistical comparisons p < 0.05 was considered significant.

3. Results
3.1. Subcutaneously Implanted Human Lung Tissue Expands into Highly Vascularized
Lung Organoids

We previously developed triple knock-out C57BL/6 Rag-/-γc
-/-CD47-/- mice recon-

stituted with a human immune system using the bone marrow, liver, thymus method
(TKO-BLT mice) [30,31] for use in studies with HIV-1 [32,33,39,40] and other viral infec-
tions [41] that have tropism for human hematopoietic cells. Since SARS-CoV-2 infects
human but not mouse lung tissue [42], we modified our TKO-BLT model by subcuta-
neously implanting two pieces of ~2–4 mm3 autologous lung tissue in addition to the
BLT humanization procedure to produce TKO-BLT-Lung (L) mice (Figure 1A). Implanted
lung tissue expanded and became visible as two distinct subcutaneous lung organoids
on the backs of the mice (Figure 1B). Lung organoid diameter was measured at 8- and 12-
weeks post-surgery (wps) using a circle ruler and palpation. The average lung diameter at
8 wps was 10.7 mm (SD ± 0.26) and 11.2 mm (SD ± 0.45) by 12 wps (Figure 1C). B-mode
imaging revealed the location of a distinct lung organoid between the skin and muscle
layer (Figure 1D). The volume of lung organoids was determined using 3D ultrasound
scanning, and averaged 456 mm3 (SD ± 243 mm3, n = 7) at 12 wps (Figure 1E). Acoustic
angiography was performed to assess the vascularity of implanted organoids and perfu-
sion mapping showed a significant density of blood flow throughout the lung implants
(Figure 1F). Overall, subcutaneously implanted human lung tissue, autologous to simulta-
neously transplanted human immune cells and tissues, developed to a sufficient size for
use in experiments and became well vascularized.

https://dataanalysis2.qiagen.com/pcr
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Figure 1. Implanted human lung tissue develops into well vascularized subcutaneous lung organoids
on TKO-BLT mice. (A) Schematic of humanization procedure to produce TKO-BLT-L mice. Created
with BioRender.com. (B) Representative mouse with subcutaneous lung organoids established on
the upper and lower back (arrows). (C) Average lung diameter at 8- and 12- weeks post-surgery
(wps) ±SD (n = 88, p = 0.13). (D) Representative B-mode ultrasound imaging of subcutaneously
implanted lung organoid (green line) (n = 5). (E) 3D-scans were used to determined implant volumes
with an average of 455.7 ± 243.8 mm3 (n = 7) and (F) Representative perfusion map generated from
implanted lung organoids (n = 5). Data in D-F collected at 15–24 wps.

3.2. Systemic Human Immune Cell Reconstitution Is not Altered by Implantation of
Lung Organoids

Peripheral blood was collected at 12- weeks post-surgery to determine if implantation
of human lung tissue subcutaneously onto TKO-BLT mice impacted their systemic human
immune cell reconstitution. TKO-BLT-L mice had 3.25 × 105 (±6.3 × 104) human CD45+

leukocytes/mL of blood at 8 weeks post-surgery (wps) and this increased to 4.69 × 105

(±5.23 × 104) cells/mL 12 wps (Table 1). The frequency of total human CD45+ leukocytes,
CD4+, CD8+ and total CD3+ T cells, CD19+ B cells, total CD33+ myeloid cells, CD14+

monocytes, CD3-CD56+ natural killer (NK) cells and both myeloid (lin-DRhiCD11c+) and
plasmacytoid (lin-DRhiCD123+) dendritic cells (DC) in the blood was determined by flow
cytometry (Table 1). The human immune cell profile in the peripheral blood of TKO-
BLT-L mice was comparable with our original TKO-BLT mouse model (Table 1) with no
statistically significant changes (p ≥ 0.05, 2-tailed t-test) observed for any cell type. These
data suggested that implantation of human lung tissue subcutaneously onto the backs of
mice in addition to the BLT humanization procedure had no effect on the level of systemic
human immune reconstitution of the resultant TKO-BLT-L mice.
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Table 1. Comparison of human immune cell reconstitution in the peripheral blood of TKO-BLT and
TKO-BLT-L mice at 12 weeks post-surgery.

Per mL blood % of
Live

% of
CD45+ % of T Cells % of CD45+ % of DC

2 CD45 CD45 T Cells CD4 CD8 CD14 CD33 B Cells NK
cells DC mDC pDC

BLT-L
12 1wps

3 4.69 × 105

(±5.23 × 104)
61.37
(±11.81)

70.84
(±13.91)

73.95
(±4.33)

23.51
(±3.77)

0.76
(±0.40)

4.54
(±2.94)

26.33
(±19.32)

0.27
(±0.24)

3.69
(±2.16)

0.28
(±0.09)

0.29
(±0.18)

BLT
12 wps

4.59 × 105

(±3.08 × 105
58.75
(±14.49)

74.84
(±17.21)

71.13
(±8.72)

16.54
(±12.40)

1.16
(±1.21)

2.93
(±2.38)

19.37
(±15.07)

0.49
(±0.73)

3.27
(±2.32)

0.25
(±0.27)

0.08
(±0.11)

p-Value 0.5720 0.7930 0.8971 0.1331 0.5844 0.4738 0.5326 0.7496 0.3589 0.7462 0.5999 0.1248

1 weeks post-surgery (wps). 2 Data were collected from mouse cohorts produced from four different human
donors (n=78 for BLT-L, n=72 for BLT). 3 Mean, (±SD). NK: natural killer cells; DC: dendritic cells; mDC: myeloid
dendritic cells; pDC: plasmacytoid dendritic cells.

3.3. Lung Organoids Develop Structures and Contain Cell Types and SARS-CoV-2 Entry
Molecules Similar to Human Lungs

To evaluate whether the subcutaneous lung organoids developed key characteristics of
human lung tissues we performed immunohistochemical analysis of the organoid structure
and its main constituent cell types. Hematoxylin and eosin (H&E) stains of lung organoids
showed that the implanted lung organoid developed alveolar structures from pre-alveolar
sacs observed in the lung tissue prior to transplant even though the lung was ectopically
implanted and not ventilated (Figure 2A). Furthermore, we observed the presence of ciliated
epithelium in the bronchus, hyaline airway cartilage, associated seromucinous glands in
mucosa and blood vessels (Figure 2A). Type-1 and type-2 pneumocytes were also observed
(Figure 2A). AB/PAS staining detected mucus secretions in the lung organoid, suggesting
the presence of functional goblet cells (Figure 2B). In addition, specific immunostaining
detected the presence of multiple non-hematopoietic human cell types associated with
lung tissue including epithelial cells, mesenchymal cells, club cells, ciliated epithelial cells
and endothelial cells (Figure 2B). Endothelial cells (CD34) lined interstitial vessels in the
implanted lung parenchyma.

SARS-CoV-2 infects human epithelial cells by directly binding to the cell surface
angiotensin-converting enzyme 2 (ACE2) receptor, followed by S1/S2 cleavage by trans-
membrane protease serine 2 (TMPRSS2), resulting in viral entry and replication [43]. Thus,
we assessed whether the expression of ACE2 and TMPRSS2 on lung organoids developed
from implanted sections of fetal lung tissue would express sufficient quantities of these
molecules to support SARS-CoV-2 infection. We detected both ACE2 and TMPRSS2 expres-
sion in lung organoids (n = 4) with similar localization and expression levels compared to a
healthy human lung section procured from a 71-year-old adult male undergoing biopsy
(Figure 2C). These data revealed that the implanted lung organoids contained cell types
and developed structures that would normally be expected in a fully developed human
lung and expressed the major entry molecules required for SARS-CoV-2 infection.
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tokeratin 19), mesenchymal cells (vimentin), club cells (CC10), ciliated glandular epithelium (tubu-
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compared to a healthy lung section from a 71-year-old adult male. (B,C) Positive staining = brown 
unless otherwise indicated, ×10 magnification (scale bars, 200 µm). Images represent n = 4 at 15 wps. 
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To more extensively assess the human immune cell complement in the lung organ-
oids we performed flow cytometric analysis on leukocytes isolated from the lung organ-
oids of 20–25 wps TKO-BLT-L mice produced from two different human donors (Figure 
3C). The lung organoids contained the same immune cell types found in the peripheral 
blood of TKO-BLT-L mice. Frequencies were determined in lung organoids for total CD45+ 
human leukocytes (26.31 ± 15.42), CD33+ myeloid cells (8.53 ± 4.96), CD19+ B cells (20.80 ± 
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Figure 2. Human lung cells, lung structures and SARS-CoV-2 entry molecules are present in im-
planted lung organoids. (A) Pre-implant lung at glandular/canalicular stage (1). Ectopic lung
implant with alveolar structures (2) and bronchial and bronchiolar structures lined by glandular
ciliated respiratory epithelium (3), cartilage present in the wall of bronchi (4), and associated blood
vessels (5) at ×10 magnification (scale bars, 200µm). Alveolar structures in lung implant lined by
type-1 (green arrow) and type-2 pneumocytes (orange arrow) visualized at ×20 magnification (scale
bars, 100µm). (B) Immunohistochemical staining of lung implants showing the presence of human
glandular epithelium including human goblet cells (blue mucin, AB/PAS), epithelial cells (cytok-
eratin 19), mesenchymal cells (vimentin), club cells (CC10), ciliated glandular epithelium (tubulin)
and endothelial cells (CD34). (C) Expression of ACE2 and TMRPSS2 in implanted lung organoid
compared to a healthy lung section from a 71-year-old adult male. (B,C) Positive staining = brown
unless otherwise indicated, ×10 magnification (scale bars, 200µm). Images represent n = 4 at 15 wps.

3.4. Implanted Lung Tissues in TKO-BLT-L Mice Become Reconstituted with Human
Immune Cells

Since immune pathology is a major feature of SARS-CoV-2 infection we next assessed
whether the human immune cells that systemically reconstitute TKO mice upon BLT
humanization would also reconstitute the human lung organoids in TKO-BLT-L mice.
Immunohistochemical staining confirmed the presence of human CD45+ hematopoietic
cells in the human lung organoids, that were also detected at much lower levels in pre-
implant lung tissue but not in control mouse lung tissue (Figure 3A). Major immune cell
lineages such as T cells (CD3), B cells (CD20) and macrophages (CD68) were all detectable
by IHC in the subcutaneous lung organoids (Figure 3B).
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Figure 3. Presence of human immune cells in implanted lung organoids. (A) Representative im-
munohistochemical (IHC) staining for CD45+ human immune cells in lung organoids implanted
on human immune reconstituted mice compared to pre-implant lung tissue. A mouse lung from a
non-humanized TKO mouse served as a control for human specificity of the antibody. (B) Represen-
tative IHC stains for the presence of human T cells (CD3), B cells (CD20) and macrophages (CD68) in
lung organoids on TKO-BLT-L mice. Mouse lung tissue serves as a negative staining control. 15 wps
(n = 2), positive staining (brown), ×10 magnification, scale bars, 200 µm. (C) Flow cytometric analysis
of immune cells isolated from lung organoids between 20- and 25-weeks post-surgery. Frequencies
were determined for total human leukocytes (hCD45+) cells, myeloid cells (CD33+), B cells (CD19+),
CD4+ and CD8+ as well as total T cells (CD3+), monocytes (CD14+), NK cells (CD3-CD56+), total
(Lin-DRhi) DC and myeloid (CD11c+) and plasmacytoid (CD123+) DC subsets. Each dot represents
an individual lung implant (n = 11 implants). Horizontal lines represent mean ± SD. Each cell type
is expressed as the frequency of human leukocytes except for CD45 cells, which was calculated from
the live cell gate and CD4+ and CD8+ cells, which are expressed as frequency of CD3+ T cells.

To more extensively assess the human immune cell complement in the lung organoids
we performed flow cytometric analysis on leukocytes isolated from the lung organoids of
20–25 wps TKO-BLT-L mice produced from two different human donors (Figure 3C). The
lung organoids contained the same immune cell types found in the peripheral blood of
TKO-BLT-L mice. Frequencies were determined in lung organoids for total CD45+ human
leukocytes (26.31 ± 15.42), CD33+ myeloid cells (8.53 ± 4.96), CD19+ B cells (20.80 ± 8.37),
total CD3+ T cells (64.69 ± 13.53) and each subset within including CD4+ (0.14 ± 0.11)
and CD8+ (31.50 ± 6.39) T cells, CD14+ monocytes (2.82 ± 2.91), CD3-CD56+ NK cells
(0.54 ± 0.39), total Lin-DRhi DC (3.38 ± 1.48) and each subset within including CD11c+

myeloid (21.83± 6.94) and CD123+ plasmacytoid (0.29± 0.38) DC (Figure 3C). The immune
cell subsets in a 59-year-old female adult human lung sample were also evaluated as a
reference (Table 2). Interestingly, similarly low frequencies of hCD45 (11%) and CD4+ T
cells (0.46%) were observed in the adult human lung as in the TKO-BLT-L lung organoids.
Similar to what is observed with the peripheral blood reconstitution of TKO-BLT mice [32],
the frequencies of T and B cells in human lung organoids were relatively comparable
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to the ex vivo human sample whereas myeloid and NK cell lineages were present but
underrepresented (Figure 3C).

Table 2. Human immune cell reconstitution in the lung organoids of TKO-BLT-L mice and an adult
human lung.

% of
Live

% of
CD45+ % of T Cells % of CD45+ % of DC

CD45 T Cells CD4 CD8 CD14 CD33 B Cells NK DC mDC pDC
1 Lung

organoid

3 26.31
(±15.42)

64.69
(±13.53)

0.14
(±0.11)

31.50
(±6.38)

2.82
(±2.91)

8.53
(±4.96)

20.80
(±8.37)

0.54
(±0.39)

3.38
(±1.48)

21.83
(±6.94)

0.29
(±0.38)

2 Adult lung 11 48 0.46 25 17.1 41.3 3.03 3.04 13.3 2.37 0.87

1 Data were collected from mouse cohorts produced from 2 different human donors (n = 11). 2 59-year-old female.
3 Mean ± SD. NK: natural killer cells; DC: dendritic cells; mDC: myeloid dendritic cells; pDC: plasmacytoid
dendritic cells.

3.5. Differences in the Viral Infectivity and Persistence of SARS-CoV-2 Variants Were Detectable
in TKO-BLT-L Mice

The TKO-BLT-L mice were challenged with 1 × 105 TCID50 of SARS-CoV-2 virus by
direct injection into lung organoids. Implants were then collected on days 2, 5, 7 and 9 to
determine the level of live viral infection in organoids at each time point. Only 68% of lung
organoids challenged with early B lineage (614D) VIDO-01 virus had detectable live virus
at days 2 and 5 compared to 92% of organoids challenged with the B.1.1.7 Alpha variant
(Figure 4A). At 2 days post-challenge the mean viral titer of B.1.1.7 in lung organoids was
5.5 × 106 TCID50/g (±1.3 × 106) compared to 1.8 × 106 TCID50/g (±3 × 106) in organoids
recovered from mice challenged with VIDO-01. The viral titers dropped dramatically to
1.7 × 103 TCID50/g (±4.1 × 103) at day 5 in VIDO-01 infected lung organoids while a mean
of 2.9× 106 TCID50/g (±9.3× 106) was recovered from B.1.1.7 challenged mice. Two B.1.1.7
challenged lung organoids still had a detectable live viral titer at day 9 post-challenge but
mice challenged with VIDO-01 had all cleared the virus at this time point (Figure 4A).
Throughout the duration of infection there were no overt signs of disease (such as weight
loss or fever) in the mice (dns).

Immunohistochemical staining for the SARS-CoV-2 N protein in lung organoids at
day 5 revealed a similar and characteristic distribution of the virus in both viral infections
and N protein was detected in alveolar macrophages (Figure 4B) and ciliated epithelial
cells (Figure 4C). Similarly, H&E staining detected pathological changes in the infected
lung organoids typical of early viral infection including desquamated epithelial cells, vas-
cular, perivascular and epithelial cell lymphocytic infiltration, as well as infiltration in
mucosa of non-cartilaginous bronchiolar airways, extravasated erythrocytes in alveolar
spaces and lung parenchyma, apoptotic bodies and focal type-2 pneumocyte hyperpla-
sia (Figure 4C–G). However, no hyaline-membrane formation typical in respiratory dis-
tress syndrome was observed. Histological scoring showed no significant differences in
the extent of lesions in lung organoids infected with VIDO-01 versus the B.1.1.7 virus
(Figure 4H). Thus, SARS-CoV-2 infection of the TKO-BLT-L mouse recapitulated features of
genuine human SARS-CoV-2 infection including the increased infectivity and persistence
of the B.1.1.7 VOC with no observable differences in lung pathology and disease severity
compared to an early B lineage (614D) virus.
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LOD = Limit of detection. Organoids harvested at day 5 post-challenge were either (B,C) stained for 
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systemic human immune system (Figure 4A). When assessed for tissue lesions by histol-
ogy, LoM infected with VIDO-01 had a similar pathology index in lung organoids as BLT-
L mice. In contrast, lung organoids from animals infected with B.1.1.7 had a significantly 
lower pathology index in LoM than in the BLT-L mice that contained a human immune 
system (Figure 5B). Lung organoids collected at day 5 from TKO-BLT-L mice infected with 
either VIDO-01 or B.1.1.7 were assessed by IHC for levels of human plasmacytoid den-
dritic cells (pDC) (BDCA-2), macrophages (CD68), T cells (CD3) and B cells (CD20) com-
pared to uninfected controls. Scoring of the levels of IHC staining indicated a moderate 
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was significantly greater in the B.1.1.7 infected lungs (Figure 5C). 

Figure 4. Differences in infectivity and viral persistence between SARS-CoV-2 variants was de-
tectable in TKO-BLT-L mice. TKO-BLT-L mice were challenged via intra-organoid injection of 1 × 105

TCID50 of either VIDO-01, an early B lineage (D614) virus, or the B.1.1.7 Alpha variant of concern
and (A) organoids harvested at days 2, 5, 7 and 9 post-challenge to evaluate the live viral titer per
gram of tissue. Each symbol represents an individual lung organoid harvested from TKO-BLT-L
mice produced from a total of eight different human donors. Horizontal lines denote mean ± SD.
LOD = Limit of detection. Organoids harvested at day 5 post-challenge were either (B,C) stained for
SARS-CoV-2 N protein (brown) or (D-G) H&E stained to assess for SARS-CoV-2-related pathology.
N protein staining of (B) alveolar macrophages (C) ciliated bronchial epithelia (green arrow) and
desquamated epithelial cells (orange arrow), (D) epithelial cell/mucosa lymphocyte infiltration, (E)
extravasated erythrocytes, (F) type-2 pneumocyte hyperplasia, (G) perivascular lymphocyte infil-
tration (orange arrow) and apoptotic bodies (green arrow). ×20 magnification, scale bars, 100µm.
Representative staining is shown in organoids infected with either VIDO-01 or B.1.1.7. (H) Histologi-
cal scoring of lesions (pathology index) of lung organoids at day 5 infected with either VIDO-01 or
B.1.1.5. Unpaired t-test, ns = not significant.

3.6. The Immune Responses to SARS-CoV-2 Infection Differed between Viral Variants and
Required the Systemic Human Immune System of TKO-BLT-L Mice to Mediate Viral Clearance

To evaluate the importance of the systemic human immune system in mediating viral
clearance we implanted TKO mice with subcutaneous human lung organoids in the absence
of a systemic human immune system. The lung-only mice (LoM) were challenged with
1 × 105 TCID50 of each viral variant and assessed longitudinally for levels of live virus in
lungs harvested at days 2, 5, 7 and 9 (Figure 5A). In the absence of the systemic human
immune system, infectious virus persisted at day 9 in 100% (VIDO-01) and 83% (B.1.1.7)
of the challenged lung organoids (Figure 5A) compared to only 0% (VIDO-01) and 20%
(B.1.1.7) of lung organoids at day 9 in TKO-BLT-L mice that were reconstituted with a
systemic human immune system (Figure 4A). When assessed for tissue lesions by histology,
LoM infected with VIDO-01 had a similar pathology index in lung organoids as BLT-L
mice. In contrast, lung organoids from animals infected with B.1.1.7 had a significantly
lower pathology index in LoM than in the BLT-L mice that contained a human immune
system (Figure 5B). Lung organoids collected at day 5 from TKO-BLT-L mice infected
with either VIDO-01 or B.1.1.7 were assessed by IHC for levels of human plasmacytoid
dendritic cells (pDC) (BDCA-2), macrophages (CD68), T cells (CD3) and B cells (CD20)
compared to uninfected controls. Scoring of the levels of IHC staining indicated a moderate
increase in pDCs in infected lungs that did not reach significance whereas macrophages
were significantly increased in both variant infections (Figure 5C). Interestingly, T cell
staining was significantly increased in the VIDO-01 infected lungs whereas B cell staining
was significantly greater in the B.1.1.7 infected lungs (Figure 5C).
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01 or B.1.1.5 for 5 days. Unpaired t-test. ** = p < 0.01. (C) Level of human BDCA-2, CD68, CD3 and 
CD20-specific immunohistochemical staining in lung organoids from uninfected and SARS-CoV-2 
variant infected TKO-BLT-L mice at day 5 post infection. * = p < 0.05, ** = p < 0.01. Solid line denotes 
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Figure 5. Human immune responses to SARS-CoV-2 in lung organoids. (A) Lung organoids im-
planted onto TKO mice in the absence of a systemic human immune system were challenged with
1 × 105 TCID50 of B.1.1.7 or VIDO-01 and infectious viral titers determined at days 2, 5, 7 and 9. Each
dot represents an individual lung organoid. Horizontal lines denote mean. LOD = Limit of detection.
(B) Histological scores of lesions (pathology index) in lung organoids from animals that either were
(BLT-L) or were not (LoM) implanted with a human immune system and infected with either VIDO-01
or B.1.1.5 for 5 days. Unpaired t-test. ** = p < 0.01. (C) Level of human BDCA-2, CD68, CD3 and
CD20-specific immunohistochemical staining in lung organoids from uninfected and SARS-CoV-2
variant infected TKO-BLT-L mice at day 5 post infection. * = p < 0.05, ** = p < 0.01. Solid line denotes
mean and dotted lines SD, n = 3 per group. One-way ANOVA with Tukey’s posttest. (D) Lung
organoids from TKO-BLT-L mice infected with VIDO-01 or B.1.1.7 were assessed for expression of
human chemokine and cytokine genes using a RT-PCR Array. Fold changes were calculated via ∆∆Ct
against the control group at day 5 relative to housekeeping genes. At least six lung organoids were
analyzed for each group. (E) Volcano plot of differentially expressed genes in B.1.1.7 (red) compared
to VIDO-01 (blue) infected lung organoids.

Next, the lung organoids collected at day 5 post-infection were evaluated for levels of
84 different human cytokine and chemokines (Supplementary Table S1). Lung organoids
infected with VIDO-01 or B.1.1.7 virus both exhibited a significantly greater difference
in the expression of CCL19, CCL7 CXCL10, CXCL11, CXCL13 compared to uninfected
controls (Figure 5D). However, each virus demonstrated unique modulation of cytokine
and chemokine gene expression compared to uninfected controls with VIDO-01 signifi-
cantly modulating the expression of an additional 12 genes and B.1.1.7 only an additional
five compared to uninfected samples (Figure 5D). When we compared the cytokine and
chemokine gene expression between the two viruses this difference became even more
pronounced with VIDO-01 inducing significantly greater amounts of CCL13, IL-27, IFNG,
IL-6, CCL3, CXCL11 and IL-11 than B.1.1.7, which induced significantly greater amounts
of MSTN and IL-24 compared to VIDO-01 (Figure 5E). Overall, these findings suggest
that the systemic human immune system infiltrates infected human lung organoids and
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participates in the clearance of viral infection and that the type of immune response that is
mediated is dependent upon the infecting SARS-CoV-2 variant.

4. Discussion

To create a humanized mouse model that would support infection with SARS-CoV-2
we modified our original TKO-BLT mouse model by subcutaneous implantation of two
pieces of human lung tissue into the back of the mouse. The implanted lung tissue grew to
its maximal size over the course of ~12 weeks, the same amount of time that the human
immune system takes to become fully reconstituted. Ultrasound analysis demonstrated
high density blood flow within the lung organoids suggesting that systemically delivered
anti-SARS-CoV-2 therapeutics would reach the lung organoid, which we and others have
previously demonstrated [44,45].

The peripheral blood of the TKO-BLT-L mouse was well reconstituted with both
innate and adaptive human cells comparable with the original TKO-BLT model. Thus,
the presence of fully developed human lung organoids did not affect systemic human
immune reconstitution. Additionally, we observed significantly fewer hematopoietic cells
in pre-implant lung tissue compared to organoids implanted into BLT-humanized mice
suggesting the engrafted human immune system populated the lung after implantation.
Frequencies of human immune cell reconstitution in the lung organoids was similar to the
majority of cell frequencies in the blood, with the exception of total CD45+ leukocytes and
CD4+ T cells, which were significantly lower. This deviated from the frequencies of CD45+

and CD4+ T cells in the NSG-BLT-L lung model [34,35]. However, it did recapitulate the
frequencies of these cell types in healthy human lung tissue that we acquired and similarly
assessed by flow cytometry. Whether this is a difference in cell isolation techniques from
lung organoids between labs or a true difference between the two BLT-L models remains to
be determined.

Despite their ectopic location, lung organoids differentiated and developed structures
typical of human lungs. For example, we observed mucin-coated ciliated epithelium in
the bronchioles. Mucin is secreted by goblet cells and participates in the protection of the
lung via the clearance of exogenous particles, and its presence suggested goblet cells in the
lung organoids were functional. Lung organoids developed alveolar structures despite a
lack of ventilation. However, the organoids had more interstitial tissue between air spaces
than neonatal and adult lungs. Hematopoietic cell types were also observed in the lung
organoids. Interestingly, we observed a particularly dramatic increase in macrophages in
the lung organoids of immune reconstituted animals compared to pre-implant lung tissue.
Lung tissue contains alveolar macrophages and interstitial macrophages that originate from
yolk sac or liver-derived monocytes depending on the stage of fetal lung development [46].
In our model, the tissue was at canalicular stage (19–22 weeks) when implanted onto the
mice, so it was very likely that the macrophages in the lung organoids mainly differentiated
from circulating monocytes originating from the engrafted human immune system. We also
observed 2.81% (± 2.91) of monocytes in lung organoids compared to 0.76% (± 0.4) in the
blood, suggesting a preferential accumulation of circulating monocytes in the human lung
tissue. It has been reported that CD68 (KP-1) not only stains alveolar macrophages, but
also neutrophils [47]. However, morphological examination of cell types in H&E-stained
lung organoids revealed the presence of few neutrophils, which increased only slightly in
the presence of SARS-CoV-2 infection.

SARS-CoV-2 spike protein binds to cell surface ACE2 followed by S1/S2 polybasic
cleavage by TMPRSS2 resulting in cellular entry and virus replication. It was suggested that
children have lower susceptibility to SARS-CoV-2 infection due to lower expression of ACE2
in their lungs [48]. However, despite the fetal origin of the implanted tissue we detected
comparable levels of ACE2 and TMPRSS2 in the lung organoids post-implant compared to
an adult human lung sample. Consequently, there was no difficulty in achieving adequate
levels of infection due to low expression of essential SARS-CoV-2 entry molecules.
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Infected TKO-BLT-L mice showed no clinical signs of disease and cleared the infection
within a 10 day period which was akin to many human infections [49] and some animal
models [16]. However, the lack of clinical disease may also suggest the infection was iso-
lated to the human lung organoids and did not infect the animals systemically, particularly
the murine respiratory system, where it may have provoked disease symptoms. The lack of
symptoms is surprising for infection with B.1.1.7 as the N501Y mutation in its spike protein
has been shown to extend the SARS-CoV-2 host range primarily to the respiratory tract of
wildtype mice [50] and suggests the virus did not spread significantly beyond the human
lung organoid. Nevertheless, TKO-BLT-L mice demonstrated many other characteristics of
human SARS-CoV-2 infection. For example, it has been reported in humans that the B.1.1.7
variant exhibited longer persistence and higher viral RNA loads than early SARS-CoV-2
lineages as was also observed in our model [51]. The mutations identified in spike protein
including D614G and N501Y as well as non-spike regions such as orf6 and orf9b might
also contribute to the greater infectivity of the B.1.1.7 variant [3,14]. However, whether
direct intra-organoid injection of the N501Y bearing B.1.1.7 variant resulted in sufficient
systemic infection to potentially contribute to the greater infectious viral load in the human
lung organoid was not evaluated. The TKO-BLT-L model would likely also recapitulate the
greater infectivity of the Delta (B.1.617.2) variant and may possibly also exhibit greater lung
pathology but this remains to be tested. The Omicron variant (B.1.1.529) has been reported
to preferentially infect cells of the upper respiratory tract and to replicate to a lower degree
in the lungs contributing to less severe disease [52]. While TKO-BLT-L mice would likely
recapitulate the reduced replication in lung tissue and reduced lung pathology, it would
not have detected a greater tropism for upper respiratory tract cells by infecting directly
into lung organoids. In addition, altered Delta-associated mortality [53,54] is unlikely to be
observed in our model due to a lack of systemic disease.

Histological stains showed lymphocyte infiltration in both VIDO-01 and B.1.1.7 sam-
ples. Our findings were consistent with findings that SARS-CoV-2 infection caused mononu-
clear cell infiltration in human and non-human primates as well as other animals models
including hamster and ACE2 transgenic mice [18,55,56]. Pathological changes like hyaline
membrane formation, type-2 pneumocyte hyperplasia, interstitial fibroblastic proliferation
and alveolar lumen edema have been reported in human and non-human primates, while
in hamster and ACE2 mice, type-2 pneumocyte hyperplasia, hyaline membrane formation
and alveolar wall thickening was reported [18,55–57]. We observed immune infiltration,
type-2 pneumocyte hyperplasia, desquamated epithelial cells, extravasated erythrocytes
and the presence of apoptotic bodies in the interstitia and airways of both VIDO-01 and
B.1.1.7 infected lung organoids. However, the early day 5 time point precluded detection of
hyaline membrane formation or lung consolidation typical of the acute respiratory distress
syndrome associated with COVID-19. In agreement with reports in hamsters [58] we did
not see any significant increase in lung pathology induced by the B.1.1.7 variant compared
to the early B lineage VIDO-01 virus.

SARS-CoV-2 virus mainly targets ciliated epithelial cells and alveolar type 2 cells that
co-express ACE2 and TMPRSS2 in humans [59]. Evidence from additional studies showed
that bronchiolar epithelial cells, pneumocytes, alveolar epithelial cells and macrophages can
also be infected by SARS-CoV-2 [18,57,60]. In our TKO-BLT-L mouse model, we observed
SARS-CoV-2 N protein in epithelial cells and in alveolar macrophages. Macrophages are
early producers of anti-viral type I interferons. However, reports show that the production
of IFNs in macrophages may be restricted by SARS-CoV-2 [61]. In addition, the CD68
staining did not differentiate between macrophages and neutrophils. Considering the rapid
drop in viral load after day 5 and increased frequency of CD68+ cells in the lung organoids
of infected mice, we hypothesize that infiltrating human macrophages and to some degree
neutrophils may play a key role in the rapid clearance of infection in our model. That the
viral load was not rapidly suppressed in the mice that were implanted with human lung
but not a systemic human immune system strongly suggested viral control was human
immune cell mediated and not simply an intrinsic local tissue response.
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Distinct immune responses were induced during VIDO-01 and B.1.1.7 infection, with
more inflammatory Th1-related cytokines upregulated in VIDO-01 infection that coincided
with a significant influx of T cells into the T cell organoid. We observed increased expression
of CCL13, CCL3, CXCL11 and CXCL10 which were associated with severe COVID-19
outcome in humans [62]. We also observed increases in CXCL10, CXCL11 and CCL5 which
were reported in hamster models [16]. It was interesting that cytokine production was
somewhat attenuated in the B.1.1.7 variant compared to VIDO-01, which was also observed
in a primate study [63]. In addition, IL-24, a Th2-associated cytokine was significantly
upregulated in B.1.1.7 compared to VIDO-01 that may coincide with the significant influx
of B cells into the lung organoid during B.1.1.7 infection.

Whether the observed differences in cytokine and chemokine expression were merely
transient at day 5 or were consistent features of longitudinal infection requires further
evaluation. In addition, although the BLT method of humanization has been shown to
produce some of the most functional adaptive immune responses in humanized mouse
models (albeit comparatively weak by human standards) during prolonged infection mod-
els [30,35,64] it remains to be assessed whether antigen specific B and T cells responses
would develop to the relatively short-term SARS-CoV-2 infection and whether these re-
sponses also differ between VOCs. It would also be of interest to study NK cell responses
in more detail as they have been implicated in mediating protective responses to SARS-
CoV-2 [65]. However, one well known caveat of humanized mouse models is the lack of
a well-developed human NK cell compartment in the absence of supplemented human
IL-15 [66,67]. Additionally, while the cytokine and chemokine responses observed in our
model are similar to those reported in other humanized mouse models [37,44,68] and
many cytokines and chemokines associated with COVID-19 in humans were upregulated
including IL1RN, CCL7, IFN-γ, IFNα2 and CXCL9-11 [69,70], others were absent such as
IL-6 and TNFα. Whether this reflects differences in the infecting viruses, sample type (lung
tissue compared to bronchial alveolar lavage fluid or blood plasma) or a deficiency of the
humanized mouse system remains to be determined. Chemokine and cytokine responses
have been reported to be distinct in children and adult COVID-19 [71]. Serum IL-6 was
elevated in adult patients with COVID-19 and its level was associated with severity and
prognosis [72]. Conversely, reduced inflammatory damage was found in pediatric patients,
for example, IL-6 was increased in children with mild symptoms [73]. Thus, the fetal origin
of lung organoids may also have affected the immune responses in our model. With the
recent global Omicron surge, there have been reports of more pediatric COVID-19 hospital
cases. Our model might be particularly useful for the study of SARS-CoV-2 and evaluation
of immune responses and therapeutics in relation to pediatric disease.

Other humanized lung mice have been generated on immunocompromised mouse
backgrounds for the study of SARS-CoV-2 [37,44,68,74]. To our knowledge, ours is the
first bone marrow, liver, thymus (BLT) model to be implanted with lung and used to
assess SARS-CoV-2 infection whereas previous SARS-CoV-2 investigations were performed
either in models solely implanted with human lung [37,44] and/or were additionally
injected with fetal liver CD34+ cells to generate human immune system (HIS) mice [68,74].
Direct comparisons between the lung lesions and immune responses are difficult between
the models as each type of humanization results in different levels of human immune
reconstitution and immune functionality. Additionally, different viral variants and doses
were used and different time points often assessed in the limited studies currently available.
There is some disparity between the models regarding the contribution of the implanted
human immune system to virus-related lesions in the human organoid [44,68,74]. In our
model, pathology appeared dependent on the infecting viral variant with B.1.1.7 producing
significantly fewer lesions in animals solely implanted with human lung and not a human
immune system, whereas VIDO-01 pathology was similar in both situations. Overall
and similar to our findings, most models showed generation of pathogenic lesions and
induction of cytokines responses that are associated with SARS-CoV-2 infection in humans
and a role for the implanted human immune system in clearing the infection [37,44,68,74].
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However, it appears imperative to carefully design studies of SARS-CoV-2 and interpret
data with the limitations of each specific type of humanized lung mouse model and the
specific viral variant being used in mind.

The addition of implanted human lung organoids to our TKO-BLT human immune
system mouse model facilitated the comparison of a SARS-CoV-2 variant to an early lineage
virus, potentially replicating some aspects with greater fidelity to genuine human disease
than is possible in other animal models. However, the animals are not infected though the
natural nasal route thereby omitting evaluation of the immune pathobiology of the upper
respiratory tract and the apparent isolation of the infection to the human organoid, as
indicated by a lack of observable disease symptoms, prevented the evaluation of systemic
effects of SARS-CoV-2 infection. In addition to SARS-CoV-2, the TKO-BLT-L mouse model
is likely to support other respiratory viral infections such as HCMV, SARS-CoV, MERS, and
RSV and to recapitulate pathological changes and immune responses [35,75] specific to
human disease in the lung. Overall, the TKO-BLT-L model contained a highly reconstituted
human immune system, supported SARS-CoV-2 infection, recapitulated characteristic
differences between an early B lineage virus and VOC and revealed previous undescribed
differences in immune responses to each variant. Thus TKO-BLT-L model provides a
platform to study the SARS-CoV-2 immunopathobiology of VOCs in the context of genuine
human lung tissue and immune cells.
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https://www.mdpi.com/article/10.3390/v14102272/s1, Table S1: Supplementary Table 1. Change in
expression of 84 cytokine and chemokine genes from lung tissues infected with VIDO-01 or B.1.1.7
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