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Figure S1.  Methodological overview of the study, Related to STAR Methods. (A) Schematic representation of the 
study methodology. Four young healthy (3.5-6 Y.O) and four aged (18-22 Y.O) rhesus monkeys were infected intranasally 
and intratracheally with SARS-CoV-2 (2019-nCoV/USA-WA1/2020; BEI Resources) at high dose (2.5x106 plaque-forming 
units [PFU]) and euthanized one week later. In addition, non-infected brains from diabetic and non-diabetic animals were 
processed in a similar way for the same microscopy analysis. (B) Major targets investigated in this study and the markers 
used to identify them. (C) List of primary antibodies used in this study. 

  

 
 
 
 
 
 
 
  



 
  



Figure S2. Complementary volumetric analyses of neuronal morphology, infection tropism, and neuro-
inflammation, Related to Figure 01. (A-F) In young (A, B) and aged (C, D) infected animals, individual and combined 
channels are shown in the XY and XZ planes. In (B) and (D), detail of the original images and the 3D volume reconstructions 
used to identify and quantify the cell types infected and the total internalized viral volume. In comparison with young, infected 
animals, aged-infected monkeys present a significant increase in astrocyte hypertrophy in comparison with the other cell 
types (E, ***p=0.0009). In contrast, SARS-CoV2 nucleocapsid protein was detected in higher quantities in neurons and 
significantly in higher levels in aged, infected animals (F, **p= 0.0069). Two-way ANOVA, Sidak’s post hoc test. (G, H) To 
better understand the extensive neuronal cell damage observed in the primary olfactory cortex following SARS-CoV-2 
infection, we developed a protocol to calculate how the virus affects the cell body and dendrites separately. In the cell body 
of neurons within layers I-III of the piriform cortex, dsRNA vesicles were found associated with degraded neuron-specific 
microtubule stabilizer MAP2, and a reduced cell body volume was observed in aged, infected animals in comparison with 
age-matched controls (G, **p=0.0032). Dendritic beading, an early marker of neuronal injury and swelling, was observed 
within neuronal dendrites expressing high levels of spike protein and is correlated with decreased dendritic total volume (H, 
*p= 0.0571). Unpaired t-test. Data are represented as mean ± SEM. Scale bar: 50µm (A-D), 5µm (G, H). 

 

 

  



 



Figure S3. Viral RNA and SARS-CoV2 spike protein in the olfactory cortex of infected animals, Related to Figure 
01. (A-D) Individual and merged representative micrographs and 3D volume reconstruction of olfactory regions of young, 
infected animals: piriform (A), olfactory tubercle (B), entorhinal cortex (C), and orbitofrontal cortex (D). Double-stranded 
RNA and SARS-CoV2 spike protein are strongly detected in primary but not secondary olfactory regions of young, infected 
monkeys. (E-H) Individual and merged representative micrographs and 3D volume reconstruction of olfactory regions of 
aged, infected animals: piriform (E), olfactory tubercle (F), entorhinal cortex (G), and orbitofrontal cortex (H). In comparison 
to young animals, aged-infected animals present considerably more neuronal infection and SARS-CoV2 viral protein spread 
reaching the OFC, presumably through neuronal connections. Scale bar: 50µm. 

 

 

  



 

Figure S4. Glial and vascular disruption induced by SARS-CoV-2 infection, Related to Figure 02. (A-D) Each panel 
shows representative micrographs and 3D volume reconstructions of the experimental groups: (A) young control, (B) young 
infected, (C) aged control, and (D) aged infected monkeys. The individual and merged micrographs show astrocytes (GFAP) 
and microglia (Iba1) interaction with neurons (NeuN). Detailed 3D reconstruction analysis highlights the glia morphological 
profile change induced by the SARS-CoV2 infection in the brain. (E-H) Individual channels and merged images of the 
piriform cortex from young diabetic CTR (E), young SARS-CoV2 infected (F), aged diabetic CTR (G), and aged diabetic 
infected (H) monkeys. Morphological alterations in astrocytes (GFAP) and microglia (Iba1) were associated with the 
diabetes condition but worsened following SARS-CoV2 infection. (I-P) The human leukocyte antigen (HLA, type D.R.) is a 
major histocompatibility complex class II (MHCII) receptor expressed by the microglial population upon disturbances in the 
immunological homeostasis in the CNS, participating in the recruitment of CNS-infiltrating T cells. As shown in the 
representative individual and merged images of each group (I, K, M, O), there is an increased expression of this receptor in 
the aged-infected animals in comparison with the other groups. Notably, a heat-map representation of the microglia volume 
profile observed in the olfactory region (J, L, N, P) shows a progressive increase in the number of individual cells presenting 



altered volume, a marker of cellular activation and neuronal damage (heat-map shows a range of microglia volume 
distribution from 50 µm3/blue to 2000 µm3/red). Scale bar: 100µm (A-D photomicrographs; I-P), 50µm (A-D 3D volumes), 
45µm (E-H). 

 

  



 
Figure S5. SARS-CoV-2 neuroinfection is associated with MHC Class I and II upregulation and neuron-microglia 
interaction disruption, Related to Figure 02. (A-D) Representative images from young diabetic CTR (A), young SARS-
CoV2 infected (B), aged diabetic CTR (C), and aged diabetic infected (D) monkeys highlight the increased microglial 
expression of HLA-DR observed in both SARS-CoV2 infected groups. Increased HLA-DR expression was also observed in 
the aged diabetic CTR animal but was worsened by the viral infection. (E-H) Using pan NF as a neuronal marker and Iba1 
to label microglia, we applied Airyscan super-resolution microscopy to investigate how diabetes and SARS-CoV2 infection 
alter neuron-microglia dynamics. In young diabetic CTR (E) and young infected (F) animals, no substantial alterations were 
found in the primary olfactory cortex. On the other hand, a more activated microglial profile was observed in the aged 
diabetic CTR (G) and was notably worsened by SARS-CoV2 infection, as shown in the representative micrograph from an 
aged diabetic infected animal (H). (I-L) In aged control monkeys, HLA-DR is usually found in low quantities surrounding 
intact blood vessels, in physiological balance with the neuronal and glial population. On the other hand, MHC1 is not 
generally expressed in healthy adult brains, and no expression was detected in the aged CTR brain (I). Following the viral 
infection in aged animals, microglia cells expressing the MHC class II receptor HLA-DR are recruited locally and found in 
association with altered blood vessels and MHC1+ neurons (J). Both classes of proteins are essential for the recognition of 
cytotoxic T cells and markers of T cell infiltration in the brain. To further understand the role of the antigen presentation by 
MHC proteins in the brain following SARS-CoV-2 infection in young and aged infected animals, we further analyzed the 
expression of both adaptive immunity markers in the olfactory cortex using 3D volumetric reconstruction. As shown in 
representative images in (K) and (L), in both the XY and XZ planes, neurons MHC1+ and microglia HLA-DR+ in association 
with disruptive blood vessels are found in both infected groups, but with higher frequency in the aged, infected animals. 
Scale bar: 20µm (A-D), 10µm (E-L photomicrographs), 5µm (I-L 3D Volumes). 

 

 



 



Figure S6. Increased expression of degraded myelin and HLA-DR expression found in SARS-CoV2 infected 
animals, Related to Figure 02. A combination of antibodies targeting normal (MBP, white) and degraded myelin (dgMBP, 
green) were used with HLA-DR (microglia and blood vessels) and DAPI. Three-dimensional analyses in the piriform cortex 
show increased expression of dgMBP at the expense of the normal MBP, associated with increased HLA-DR expression 
(A, B). Comparison of the piriform cortex from young and aged infected animals highlights an increased presence of dgMBP, 
associated with increased expression of HLA-DR (C, D). Scale bar: 50µm. 

  



  



Figure S7. SARS-CoV-2 presence in the brain distorts regular neuron-microglia interaction, Related to Figure 02. 
Multilabel fluorescence microscopy was performed targeting several neural proteins involved in synaptic transmission and 
neuron-glia interaction. For this analysis, adjacent stereological sections (every 50 µm) of the primary olfactory cortex from 
infected monkeys were used. As shown in (A), clusters of microglia (Iba1) are actively interacting with dendrites 
(neurofilament light, NF-L), and the presence of presynaptic marker synaptophysin (SYP) and postsynaptic marker (PSD95), 
were observed in abundance within reactive microglia. Interestingly, as demonstrated in (B), neurons expressing the SARS-
CoV-2 nucleocapsid protein (N ptn) still present a more preserved neurofilament-heavy (NF-H) structure. (C) Utilizing pan 
NF marker combined with Iba1, we were able to detect entire neurons expressing N ptn being engulfed by reactive microglia. 
The reactive profile of the microglia interacting with neurons was confirmed by combining microglia general marker Iba1 
and activated microglia marker HLA-DR (D). Scale bar: 50 µm. 

 

  



 



Figure S8. Overview of the super-resolution Airyscan microscopy and 3D Segmentation employed to examine 
cellular morphology, neuron-microglia interactions, and PSD95 puncta engulfment, Related to STAR Methods. (A-
C) Compared with age-matched controls (A), high-resolution microscopy analysis of the primary olfactory cortex of infected 
animals presents abnormal microglia and fragmented/dying neuron interaction (B). Full detailed 3D reconstruction of 
microglia shows dynamic changes in this cell type profile, closely related to neuroinflammatory process and 
neurodegeneration (C). (D) To investigate the microglial engulfment of synaptic markers and neuronal proteins, micrographs 
were first acquired using a 63x objective in a confocal microscope (Step 1). Next, images were exported to Imaris software, 
and a 3D volume surface was created for each marker analyzed (Step 2). The cell body (yellow) and total volumes (green) 
for each microglia were calculated, as well as the 3D puncta volume of PSD95 (Step 3). Engulfment activity was measured 
by quantifying the volume of internalized PSD 95 (μm3) divided by the total volume of the involved microglia cell (μm3). 
Scale bar: 5µm (A-C), 50µm (D). 

 

  



Table S1. Information regarding the animals used in this study, including chronic illness and treatments, Related 
to the STAR methods. 

 



Data S1 - Detailed measurements related to COVID-19 development in infected monkeys. 

 


