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Abstract 

Cerebrospinal fluid (CSF) matrix biomarkers have become increasingly valuable surrogate markers of neuropsychiat‑
ric diseases in research and clinical practice. In contrast, CSF cells have been rarely investigated due to their relative 
scarcity and fragility, and lack of common collection and cryopreservation protocols, with limited exceptions for neu‑
rooncology and primary immune‑based diseases like multiple sclerosis. The advent of a microfluidics‑based multi‑
omics approach to studying individual cells has allowed for the study of cellular phenotyping, intracellular dynamics, 
and intercellular relationships that provide multidimensionality unable to be obtained through acellular fluid‑phase 
analyses. Challenges to cell‑based research include site‑to‑site differences in handling, storage, and thawing methods, 
which can lead to inaccuracy and inter‑assay variability. In the present study, we performed single‑cell RNA sequenc‑
ing (10x Genomics) on fresh or previously cryopreserved human CSF samples from three alternative cryopreserva‑
tion methods: Fetal Bovine Serum with Dimethyl sulfoxide (FBS/DMSO), FBS/DMSO after a DNase step (a step often 
included in epigenetic studies), and cryopreservation using commercially available Recovery© media. In comparing 
relative differences between fresh and cryopreserved samples, we found little effect of the cryopreservation method 
on being able to resolve donor‑linked cell type proportions, markers of cellular stress, and overall gene expression 
at the single‑cell level, whereas donor‑specific differences were readily discernable. We further demonstrate the com‑
patibility of fresh and cryopreserved CSF immune cell sequencing using biologically relevant sexually dimorphic gene 
expression differences by donor. Our findings support the utility and interchangeability of FBS/DMSO and Recovery 
cryopreservation with fresh sample analysis, providing a methodological grounding that will enable researchers 
to further expand our understanding of the CSF immune cell contributions to neurological and psychiatric disease.
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Background
The lumbar puncture (LP) is a safe ambulatory procedure 
for collecting cerebrospinal fluid (CSF) [1]. LPs are clas-
sically applied to diagnosing neurological diseases such 
as communicating hydrocephalus, autoimmune or infec-
tious encephalitis, central nervous system vasculitis, and 
cancer [2]. Improvements in biomarker characterization 
[3] and their ultrasensitive detectability have increased 
the utility and promise of CSF for aiding in the diagnosis 
of neuropsychiatric disorders [4], and for neurodegenera-
tive diseases like Alzheimer’s disease (Aβ42, t-Tau, and 
p-Tau181, p-Tau217, MTBR-tau243) [5, 6], motor neu-
ron disorders [7], and prion disease [8]. Given the recent 
United States Food and Drug Administration approval of 
several monoclonal antibody-based treatments against 
amyloid-β in Alzheimer’s disease, and the requirement of 
either CSF- or amyloid-imaging-based biomarker thresh-
olds for receiving lecanemab [9] and likely other similar 
forthcoming treatments, we anticipate continued clini-
cal utility of the lumbar puncture in the United States in 
coming years.

CSF is a clear fluid produced by the choroid plexus and 
ependymal cells lining the brain’s ventricles. It is in con-
tinuous interchange with the brain’s interstitial fluid as it 
circulates through subarachnoid and glymphatic spaces 
[10]. The acellular and cellular composition of CSF differs 
greatly from that of the peripheral blood, given multiple 
complex barriers between these compartments [11]. CSF 
cells are primarily of hematopoietic origin. In contrast to 
the peripheral blood, healthy CSF cellular composition 
is predominantly lymphoid cells such as CD4 + T cells, 
whereas myeloid lineage cells account for a lower propor-
tion [12]. Few cells are found in CSF compared to blood, 
with estimates ranging between 1 and 3 cells/μL [13] in 
healthy individuals.

Single-cell-based transcriptomic and epigenetic meth-
ods provide high resolution and depth of information 
about rare or underrepresented cell populations, unbi-
ased assessment of cellular heterogeneity, cell lineage 
and trajectory, and modeling of intercellular communi-
cations. With the advent of single-cell RNA sequencing 
(scRNAseq), new CSF cell populations have been identi-
fied [14, 15], and possible mechanisms of neurodegenera-
tive disease states have been elucidated [16, 17], with far 
greater sensitivity and depth of discovery than that ena-
bled by related cellular-based approaches such as flow 
cytometry [18]. Although using freshly acquired CSF cells 
may be thought of as ideal, cryopreservation of CSF cells 
has many practical advantages, such as the opportunity to 
provide inventory to biorepositories and share resources, 
reduction of batch effects in cross-sectional analyses, and 
providing a means to perform longitudinal intra-individ-
ual comparisons. However, there are concerns that the 

transcriptional makeup of the cells will change during the 
cryopreservation or the thawing process. While there are 
reagents available that could simplify and reduce batch 
effects in large studies through sample fixation at the 
time of collection (e.g., 10x Genomics Fixed RNA Profil-
ing [19]), such approaches rely on probing against a lim-
ited subset of genetic targets [20] and may prohibit clonal 
analyses. To date, several non-CSF-related studies have 
compared the quality of scRNAseq transcriptomic results 
between cryopreserved and freshly captured cells using 
cells derived from peripheral compartments including 
blood [21–26], generally showing the success of recapitu-
lating fresh cell-based analyses in cryopreserved samples. 
However, to our knowledge, only two studies have com-
pared fresh versus cryopreserved CSF cells [27, 28]. The 
first study that demonstrated the feasibility of using cryo-
preserved CSF scRNAseq did not directly compare fresh 
vs. cryopreservation [27], whereas, the other study is lim-
ited to a technical evaluation with no biological findings 
[28].

Cryopreservation agents include methanol, labora-
tory-prepared serum combined with dimethyl sulfoxide 
(DMSO), or a purchasable storage medium (e.g., Recov-
ery). Epigenetic analysis can benefit from additional sam-
ple preparation, such as DNase incubation [29]. Here, 
we compared transcriptomics results from multiple CSF 
donors seen in the outpatient setting to evaluate possible 
normal pressure hydrocephalus (NPH). Their evaluation 
includes a large volume lumbar puncture. Owing to the 
excess of fluid collected, we could divide CSF from each 
donor sample into a fresh and one or more cryopreserva-
tion method samples, enabling a thorough comparison of 
fresh to cryopreserved CSF cells. We report on cellular 
quality, cell-type proportions, and differences in overall 
gene expression patterns by condition. we demonstrate 
the utility and compatibility of various CSF cryopreser-
vation techniques for identifying latent genetically based 
differences in cellular transcription patterns.

Main text
Methods
Clinical methods
CSF samples were collected as excess fluid from lumbar 
punctures of patients receiving care at the Mass Gen-
eral Hospital Memory Disorders Unit, as part of stand-
ard clinical care for an NPH-related clinical evaluation. 
All lumbar punctures were performed by SEA, using 
a 24-gauge Sprotte spinal needle, with approximately 
20–35  mL CSF removed. The first several mL were 
used for clinical labs and avoided for research purposes, 
given the risk of procedure-associated red blood cell 
(RBC) contamination. Massachusetts General Brigham 
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Institutional Review Board approved research use, and 
informed consent was obtained from all donors.

CSF cell collection and storage
Fluid was collected in sterile 15  mL Falcon tubes and 
transferred on ice (approx. 30–45 min) prior to centrifu-
gation. Samples were centrifuged at 300×g for 10 min at 
4 °C using a swinging bucket rotor. All but 0.1 mL of fluid 
was removed, and the cell pellet was resuspended. Cell 
viability and cell count were performed using Luna auto-
mated cell counter with acridine orange and propidium 
iodide viability dye. Red blood cell contamination was 
determined by subtracting the nucleated cells from the 
total cells. cell suspension was divided accordingly into 
one of the below cryopreservation conditions alongside 
the fresh CSF cell fraction, with a minimum of 5000 cells 
per condition. Fresh (FRE) CSF samples were immedi-
ately prepared for running on the 10x controller. For cry-
opreservation conditions, the divided cellular fraction(s) 
was cryopreserved at –  80  °C in equal volumes of the 
following cryoprotectants: (1) FBS—cells were stored 
in ice-cold Fetal Bovine Serum (FBS, Thermo-scientific, 
cat# A4766801) mixed with 10% DMSO (cat# D2650), 
(2) REC—cells were stored in Recovery media (Thermo-
scientific, Cat# 12648010), (3) DNA—Cells were treated 
with 1X DNase (Stemcell, cat# 07900) for 30 min at 22 °C, 
then washed and spun at 3000×g for 6 min, followed by 
cryopreservation in FBS mixed with 10% DMSO. Use of 
DNase is commonly recommended for some epigenetic 
analyses [29]. Although we do not examine epigenetics 
here, we provide quality control data regarding the use 
of DNase before FBS/DMSO cryopreservation. Metha-
nol cryopreservation based on previously established 
10x protocols [30] led to poor thawed cell recovery, lead-
ing us not to pursue this method further. Cryopreserved 
cells were warmed to near complete thaw in a 37 °C water 
bath, after which pre-warmed wash buffer (phosphate-
buffered saline supplemented with 1% bovine serum 
albumin and RNase inhibitor) was added (1.5 mL) to the 
cryovial. Cells were resuspended and transferred to a 
15 mL falcon tube containing 9 mL warmed wash buffer. 
The cryovial was rinsed again with warmed wash buffer 
for further cell recovery). Falcon tubes were centrifuged 
at 300xg at 4 °C for 5 min. The supernatant was removed, 
and cells were resuspended in 500 μL wash buffer and 
transferred to a smaller 1.5 ml tube; 30 μL of the aliquot 
was removed and analyzed for viability and cell counts 
using Calcein-AM and NucBlue Live ReadyProbes Rea-
gent (Invitrogen, Carlsbad, CA). The sample was centri-
fuged at 300xg at 4  °C for 5  min, resuspended in wash 
buffer, and loaded into the 10 × 5’ v2 mix sans reverse 
transcriptase enzyme. Finally, reverse transcriptase was 
added, and the sample was loaded onto the 10x chip K. 

See Fig. 1a for CSF workflow. The list of subjects, as well 
as the type of cryopreservation method(s) performed on 
each subject’s CSF cells are listed in S1 Table. The number 
of tested cryopreservation conditions was determined 
based on the total cell count. Cryopreserved samples 
were prepared in parallel with the fresh running on the 
10X controller and run later after thawing and counting, 
within 12 months of initial cryopreservation.

Fresh or thawed cryopreserved CSF mixed with 10x 5’ 
v2 RT Reagent Master Mix were immediately processed 
with the 10x Genomics Chromium Next GEM Single 
Cell 5’ v2 kit (10x Genomics, Pleasanton, CA), cDNA 
amplified, and library constructed per the manufactur-
er’s protocol. Library quality control (QC) was based on 
Agilent Tapestation 4200 HS D1000 screentapes (Agi-
lent Technologies, Waldbronn, Germany). Multiplexed 
library pool QC was based on Agilent Tapestation 4200 
HS D1000 and Kapa Library Quantification Kit for Illu-
mina platforms (Kapa BioSystems, Boston, MA) and 
sequenced at shallow depths on Illumina’s iSeq 100 v2 
flow cell for 26 × 10 × 10 × 90 cycles for estimated reads 
per cell. After demultiplexing, libraries were rebalanced 
based on reads per cell. Normalized pool QC was based 
on Agilent Tapestation 4200 HS D1000 and Kapa Library 
Quantification Kit for Illumina platforms and high depth 
sequenced on Illumina’s NovaSeq 6000 S4 v1.5 flow cell 
for 26 × 10x10 × 90 cycles, to obtain a sequencing depth 
of 50 K reads/cell (whole transcriptome libraries). Reads 
were aligned to reference 2020-A (Ensembl 98) tran-
scriptome and quantified using Cell Ranger v6.0.2 multi 
pipeline. Further data processing and analysis were 
performed using the Seurat library (v 4.3.0) [31–34]. 
R ggplot2 package [35] was used to generate the visuali-
zations in conjunction with Seurat package. Quality con-
trol was performed on each sample: cells with less than 
200 genes, more than 4500 genes (presumed doublets), or 
greater than 20% mitochondrial transcripts were filtered 
from further analysis. The average number of genes per 
cell was 1578. Red Blood Cell (RBC) (defined as the cells 
that showed high expression of Hemoglobin genes HBA 
and HBB) were manually removed from the analysis.

Cell integration and data processing
Samples were integrated using the Seurat package v4.0 
[31]. First FindVariableFeatures() was used to find the 
top 2000 highly variable genes. Then SelectIntegration-
Features() was used to select features and PCA was per-
formed using RunPCA() using the selected features. 
Reciprocal PCA was performed to identify pairwise 
anchors between the reference and the list of datasets 
using FindIntegrationAnchors(). Two fresh samples (CSF 
A and CSF C), one male and one female, both with high 
total counts of cells, were selected as anchors for data 



Page 4 of 14Kodali et al. Journal of Neuroinflammation  (2024) 21:71

integration. Integration was performed using Integrate-
Data(). NormalizeData() was used for normalizing the 
count data for each dataset, with a scaling factor = 10,000. 
Data was log-transformed before analysis. We used Azi-
muth [32], a reference atlas of human peripheral blood 
mononuclear cells (PBMCs), to define and annotate the 

CSF cell types. RunAzimuth() was used to map our data 
to PBMC reference dataset. This returned a Seurat object 
that contained cell annotations (at multiple levels of reso-
lution), and prediction (i.e., confidence) scores for each 
annotation: This score was used for filtering cells with 
low confidence classifications. To validate the results of 

Fig. 1 scRNAseq of fresh and cryopreserved CSF cells. A Graphical schema depicting the experimental design (created with BioRe nder. 
com). Freshly collected CSF was spun and the resulting CSF cells were counted, cells were then immediately divided into either FRE which 
was immediately processed on the 10x Chromium Controller to capture single cells or cryopreserved with protocols for FBS and/or REC and/or DNA 
for downstream processing basing on the total cell count. The cryopreserved fractions were later thawed and run on the 10x Chromium Controller, 
and the resulting data were analyzed together. B Uniform Manifold Approximation and Projection (UMAP) plot of all the cells of samples from CSF 
A, B, and C, annotated to depict the FRE or FBS or REC protocols. C UMAP plot of all the cells of samples from CSF A, B, and C in protocols FRE, FBS 
and REC annotated to depict the cell types clustered using Azimuth peripheral blood mononuclear cells (PBMC) reference atlas at L1 resolution. D 
Dot plot depicting the concordance between respective cell‑type specific enriched marker gene expression of all the cells from samples CSF A, B, 
and C (on the y‑axis) as characterized by earlier published CSF scRNAseq studies that are correspondingly identified and clustered accordingly (on 
the x‑axis) by Azimuth reference atlas at L1 resolution

https://www.BioRender.com
https://www.BioRender.com
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Azimuth-based cell type calling, we compared the Azi-
muth cell type annotations with commonly used immune 
cell marker genes, taken from recent CSF-based studies 
[16, 17, 36]. To examine the presence of cells expressing a 
homeostatic microglia-like pattern as seen in other stud-
ies [14, 15], we identified cells expressing high levels of 
CX3CR1, CSF1R, SLC2A5, MARCKS, and P2RY13, as 
defined by Esaulova et al. [14].

Normalized gene expression for these markers was fur-
ther plotted using Dotplot() from the ggplot2 package. 
For obtaining overall gene expression correlation plots, 
average gene expression was calculated for each sub-
ject (CSF A, CSF B and CSF C) by each condition. Pear-
son method of correlation was used and the plots were 
visualized using ggscatter() in the ggplot2 package in R. 
Euclidean distance matrix was computed using dist() in 
stats (version 4.2.1). Hierarchical clustering was per-
formed on the distance matrix by the complete cluster-
ing method using hclust() in the stats package. We picked 
the genes HSPA1A, HSPA1B and HSP90AA1, which are 
related to cell stress response pathways (GO:0031072—
heat shock protein binding and GO:0051082—unfolded 
protein binding) as published in an earlier study [25], to 
compare the effect of cryopreservation. Global and Azi-
muth-defined cell type-specific gene expression was plot-
ted using Seurat VlnPlot(). Differential gene expression 
analysis was performed between two conditions within 
a cell cluster using  Seurat   FindMarkers(). Significance 
was defined as Bonferroni-adjusted p-value < 0.05 and 
absolute log2 fold change > 0.58 (fold change > 1.5). We 
further picked the genes XIST, KDM4D, UTY, DDX3Y 
and USP9Y, related to sex differences as published in the 
earlier study [37], to find the similarities between dif-
ferential expression analysis among all the conditions 
together, as well as in each individual condition, for Azi-
muth L1-defined cell types. pheatmap() was used to plot 
the heatmap of differential expression.

Statistical analysis
Statistical tests were indicated where applicable for com-
paring quality control metrics. One-way ANOVA and 
Tukey’s multiple comparisons test were used for normally 
distributed data, and Friedman’s was used for the com-
parison of percentages. Statistical tests were performed 
with GraphPad Prism v9.5.

Results
Donor demographic and clinical characteristics
Donor ages ranged from 61–85  years (median age 
74 years) at CSF collection. According to self-report data 
recorded in electronic health records, all donors identi-
fied themselves as white/Caucasian and 55% of donors 

were male. See S1 Table for individual donor demo-
graphic and clinical information.

CSF sample characteristics: Average CSF volume was 
28.7 mL (SD 8.04, range: 8–38 mL). Total CSF cell counts 
averaged 1980/mL, (SD 1810, range: 570–6700/mL), RBC 
contamination was overall low, averaging 754/mL, (SD 
105, range: 0–305/mL). These data exclude two samples, 
one for which RBC contamination in one sample was 
unusually high, enabling visualization of a red pellet. This 
sample was removed from further analyses in this study. 
See S1 Fig for examples of cell pellets from spun CSF 
samples with and without RBC contamination. The other 
sample with notably high RBC contamination was CSF 
F (43,500 RBCs/mL of CSF). We included this sample 
for limited analysis (FBS vs REC comparison). CSF cell 
viability averaged 99.29%, (SD 1.20, range 96.75–100%). 
Cells per condition averaged 10,600, (SD 2800, range: 
5000–16000 cells). Samples showing pleocytosis were 
divided into multiple cryopreservation conditions. Sam-
ple details by donor and cryopreservation method can be 
found in Additional file 1: Table S1. A total of 7 FRE, 11 
FBS, 11 REC and 5 DNA, were obtained. Donors A, B, 
and C each contributed at least one sample to the FRE, 
FBS, and REC conditions, allowing for a within-subjects 
comparison of these conditions. Donors A, B, C, and J 
contributed samples for FRE vs FBS comparison. Donors 
A, B, C, and H contributed samples for FRE vs REC com-
parison. Donors A, B, C, D, E, F, and G contributed sam-
ples for FBS vs REC comparison. Donors A, C, D, F, and 
G contributed samples for FBS vs DNA comparison.

Single‑cell sample quality control metrics
Pre-filtering, total droplet-encapsulated cell count was 
78,551, summing 16,279 FRE, 24,850 FBS, 27,756 REC, 
and 9666 DNA. Post-filtering by gene and mitochon-
drial transcript count led to an overall cell count reduc-
tion of 1%. 21,117 genes were detected on average across 
all samples, with 19,173 in FRE, 19,428 in FBS, 19,747 
in REC, and 17,416 in DNA. The pre-filtration average 
unique molecular identifiers (UMI) were 4576 across all 
samples, with 6,230 in FRE, 4062 in FBS, 3,788 in REC, 
and 5248 in DNA. Filtration led to an increase in overall 
average UMI by 1%. Pre-filtered average percent mito-
based reads were 2.6% overall, with 1.9% in FRE, 2.4% in 
FBS, 3.5% in REC, and 2.6% in DNAse. Filtration led to 
a decrease in average percent mitochondrial reads of 1%. 
No significant differences were found between treatment 
conditions, or in comparing pre- vs post-filtration met-
rics. We focus on comparisons between CSF A, B, and C 
in our studies since these were the only donors for which 
the FRE, FBS, and REC conditions were all available. CSF 
A, B, and C feature count (average genes per cell), UMI 
count, and percent mitochondrial read distributions are 
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presented in Additional file  1: Fig.  S2A-C. The average 
genes detected per cell in 2041 in FRE, 1102 in FBS and 
1273 in REC. There was an overall decrease in the aver-
age genes detected per cell in both the cryopreservation 
conditions, but REC was found to be significant (one 
way ANOVA, Tukey’s Posthoc test, p = 0.0031). UMI was 
overall higher in FRE than FBS and REC groups, though 
this was not significant statistically: F(1.20, 2.401) = 8.86, 
p = 0.08. There were no differences in the percentage of 
mitochondrial reads across the three groups (p = 0.94). 
Features, UMI, and percent mitochondrial reads were 
very similar between FBS and REC (including samples 
CSF A-G, see Additional file  1: Fig. S4B), and between 
FBS and DNA conditions (including samples CSF A, 
C, D, and G, see Additional file  1: Fig. S5B). See Addi-
tional file  1: Table  S2 for detailed quality control-based 
metrics for each donor, condition, and sample replicate. 
Examination of global heat shock protein genes HSPA1A, 
HSPA1B, and HSP90AA1 found minimal to no differ-
ences in gene expression by cryopreservation method in 
any of the three donors (Additional file 1: Fig. S2D-F).

CSF cell types
Integrated CSF cells from donors A, B, and C, colored 
by fresh or cryopreservation conditions, are visualized 
by UMAP plot in Fig. 1B. The cell types defined by Azi-
muth L1 supervised clustering are shown in Fig. 1C. The 
samples represent all L1 cell types, including CD4 and 
CD8 T cells, monocytes, dendritic cells, NK cells, and 
scant B-cells. Few cells fell into ‘other’ or ‘other-T’ cat-
egories by the L1 algorithm. We provide several meth-
ods of validation of the Azimuth-based method. First, 
we cross-validated Azimuth-based cell designations to 
cell type markers from the literature (see METHODS). 
The Azimuth L1-based cell type predictions are concord-
ant with established phenotypic markers. Next, we pre-
pared an adjacency table by donor, condition, sample, 
and Azimuth-derived cell type. L1- and L2-resolution cell 
designations are provided (L2 information is provided as 
an additional resource but is not utilized for further data 
analysis in this study). Mean predicted scores, a confi-
dence metric in cell type callings by Azimuth, ranged 
from 78–88%. By cell type (%) in descending order of per-
cent presence in sample: CD4 T (87), Mono (83), CD8 T 
(87), DC (11), B (78), Other (57), Other T (67), and NK 
(78). The cryopreservation method (including FBS, REC, 
DNA) did not affect mean predicted scores (Additional 
file 1: Table S3). Although the detection of unique CSF-
specific cell populations, such as microglia-like cells, falls 
outside the scope of this report and may require addi-
tional comparator cell populations, we identified a subset 
of monocytes that appears to have the higher expression 
of such marker genes (Additional file 1: Fig. S3A).

Effects of cryopreservation method on cellular proportions
UMAP and stacked bar-plots of the Azimuth L1-based 
cell type by cryopreservation method and donor are 
shown in Fig.  2A and B, respectively. Overall, all cell 
types were identified across all donors and conditions. 
There were generally even distributions of cell propor-
tions by cryopreservation method across donors. Based 
on the comparison of cell type proportions (Fig. 2B) FBS 
cryopreserved samples appeared to have slightly greater 
proportions of monocytes and lower proportions of CD4 
T cells than FRE or REC samples across donors. How-
ever, this was not found to be significant by statistical test 
(monocytes: p = 0.19, and CD4 T cells: p = 0.19). Examin-
ing the raw cell counts (Additional file 1: Table S2), these 
proportional differences seem to be related to a selective 
loss of lymphocytic cells. For instance, in two indepen-
dently prepared samples of CSF A FRE, there were 1266 
and 1240 monocytes, with 1233 and 1308 CD4 cells, 
respectively. The FBS samples had fewer overall cells, 
with 1059 and 1888 monocytes, but fewer CD4 cells: 
958 and 833, as compared to monocytes. DNAse-treated 
samples, cryopreserved similarly to FBS samples, showed 
fewer CD4 cells: 866 and 1190 than monocytes: 1164 
and 1471. REC cryopreservation looked more like FRE: 
1119 and 780 monocytes, with 1089 and 1151 CD4 cells. 
Comparing FBS to REC (Additional file 1: Fig. S4c), the 
phenomenon of slightly lower CD4 T cell proportions in 
FBS than REC is maintained. There is no consistent dif-
ference between cell proportions in comparing DNase 
pre-treated samples to FBS (Additional file 1: Fig. S5C).

In contrast to the limited differences in cell proportions 
by cryopreservation method, donor-specific biological 
differences are preserved, and marked. For instance, CSF 
C shows far greater proportion of CD4 T cells, and pro-
portionately fewer monocytes than CSF A and B. A dot-
plot stratifying CSF samples by cryopreservation method 
and Azimuth L1 cell type is presented in Additional file 1: 
Fig. S3B. Dots showing average gene expression reveal 
highly similar cell type marker expression and percent 
expression across cryopreservation methods compared 
to the fresh condition.

Effects of cryopreservation method on global gene 
expression
To answer whether the cryopreservation method affected 
global gene expression, we prepared a hierarchical clus-
tering dendrogram comparing global gene expression 
across FRE, FBS, and REC conditions for CSF A, B, and C 
for all cells (Fig. 3A), and by each Azimuth L1 cell desig-
nation (Additional file 1: Fig. S6). each cell type and total 
cells. Samples obtained from the same donor using differ-
ent cryopreservation methods clustered together, indicat-
ing that the observed variations in global gene expression 
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Fig. 2 Distribution and cellular type proportions of cryopreserved versus freshly captured CSF cells. A UMAP plot of all the cells in samples CSF 
A, B, and C from FRE, FBS, and REC protocols were annotated to show the cell types clustered using Azimuth PBMC reference atlas [31] at the L1 
resolution. B Stacked bar plots depicting the individual cell type proportions obtained after clustering using Azimuth reference atlas at the L1 
resolution in samples CSF A, B and C from FRE, FBS and REC protocols
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Fig. 3 Comparison of overall gene expression between cryopreserved and fresh CSF samples. A Dendrogram showing the hierarchical clustering 
of relative sample to sample distances in samples CSF A, B, and C in FRE, FBS, and REC protocols. Note the companion adjacency matrix found 
in Additional file 1: Table S4. B Scatter plots with correlation statistics of FRE vs FBS and FRE vs REC global gene expression in samples CSF A, B and C. 
Each dot represents a single gene
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profiles are primarily due to biological variability rather 
than technical factors (similarity matrix for the combi-
nation of all cell types and by Azimuth L1-defined cell 
types are provided in S4 Table. Lower scores indicate 
closer cluster distance). We next correlated global gene 
expression within donors between FRE and cryopre-
served conditions in all cells (Fig. 3B), finding very high 
correlations between FRE and FBS, and FRE and REC 
conditions (average R-value: 0.98, Range: 0.94–1). Global 
gene expression by Azimuth L1-defined cell types (Addi-
tional file 1: Fig. S7–S12) conveys these high correlations 
in most cell types, with lower correlations seen the less 
abundant B cells (R value Range: 0.79–0.98), and NK cells 
(R value Range: 0.91–0.99).

Effect of cryopreservation on revealing latent sex‑linked 
expression
To test whether the cryopreservation method impacted 
our ability to extrapolate functional or biologically mean-
ingful data, we utilized established knowledge regarding 
sexually dimorphic gene expression: XIST found on the 
X-chromosome and KDM4D, UTY, DDX3Y, and USP9Y 
on the Y chromosome. We analyzed CSF A, B, and C 
samples (FRE, FBS, and REC conditions) to identify dif-
ferentially expressed genes between males and females 
(Fig.  4A). We observe many sexually dimorphic genes 
(n = 149 upregulated and 124 downregulated genes based 
on male/female fold change). Each sex-specific gene of 
interest was in the expected direction (genes shown in 
red on the right side of the volcano plot indicate higher 
expression in males). These results demonstrate that 
combining samples prepared using different cryopreser-
vation strategies did not affect the detection of sexually 
dimorphic gene expression. We next determined whether 
cryopreservation-specific conditions are independently 
capable of detecting sexually dimorphic gene expression 
differences. To do this, we compared collapsed all cryo-
preservation conditions together (All), and compared 
this to FRE, FBS, and REC. CD4 + T-cells are shown in 
Fig.  4B. Other Azimuth L1 cell types can be found in 
Additional file 1: S13. As seen in Fig. 4B, fold change dif-
ferences between sexes for the five sex-linked genes of 
interest showed highly similar patterns across the various 

cryopreservation methods. They compared favorably to 
combinatory and FRE results.

Discussion
In this methodological study of CSF cells donated by 
patients receiving evaluations for possible normal pres-
sure hydrocephalus, we compared various cryopreser-
vation approaches to freshly run CSF cells through the 
scRNAseq process. We used three cryopreservation 
methods, including two cryopreservation agents (FBS/
DMSO and Recovery media). We included an additional 
DNase step prior to FBS/DMSO cryopreservation given 
this step’s known benefit on the quality of epigenetic 
analyses. Overall, we found little impact of cryopreserva-
tion on cell integrity and stress, cell type representation, 
or overall gene expression. Nuanced findings of the study 
include possible relative losses of CD4 + T-cells using 
the FBS/DMSO cryopreservation technique, and limited 
loss of sequencing depth, as seen by relatively lower aver-
age UMI in all cryopreserved samples. The robustness 
and interchangeability of cryopreserved and freshly run 
samples was demonstrated using an example of sexu-
ally dimorphic gene expression, which was noted using a 
combined dataset from fresh and pre-frozen samples, as 
well as by stratified analysis by cryopreservation method. 
When compared to the fresh condition, there were no 
apparent differences due to cryopreservation methods 
using FBS/DMSO, Recovery media, or from prior DNase 
treatment. Our data support the ability to cryopreserve 
and later utilize CSF cell samples, enabling batched sin-
gle-cell analyses for wide-ranging cellular and molecular-
based advances in neurological, oncological, infectious 
disease, and psychiatric research.

Effect of cryopreservation on cellular stress, and sequencing 
quality
In the present study, we noted limited to no impacts 
of cryopreservation on evidence of cell stress, and our 
data supported overall robust single cell transcriptome 
results. For comparison, in the preprinted study by 
Touil et  al. [28], researchers recovered approximately 
70% of cryopreserved cells, without other notable 
impacts of cryopreservation on mitochondrial reads. 
We similarly routinely find approximately 70% cell 

Fig. 4 Differential gene expression analysis of sexually dimorphic genes from fresh and cryopreserved CSF samples. A Volcano plot showing 
the significant (p‑adjusted < 0.05, Log2FC > 0.58) differentially expressed genes between males and females in CSF A, B, and C CD4 + T‑cells 
combining all fresh and frozen samples. Genes upregulated in males are colored red, and downregulated in males are colored blue. Grey dots 
indicate the non‑significant genes. B Heatmap showing the average log2fold changes of the sexually dimorphic genes XIST, KDM4D, UTY, DDX3Y, 
and USP9Y from differential gene expression analysis of CD4 + T‑cells in CSF A, B and C for All samples (FRE, FBS and REC combined), and stratified 
by FRE, FBS, and REC

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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recovery (not shown) post-thaw, and likewise do not 
find any evidence of increased cellular stress, as rep-
resented by the proportion of mitochondrial reads. 
We also find that global expression of cellular stress 
response proteins, including heat-shock proteins 
HSPA1A, HSPA1B, and HSP90AA1 was unaffected by 
FBS or REC cryopreservation. Previous studies have 
noted upregulation of cellular stress pathways in cryo-
preserved dissociated tumors [25] or single-cell sub-
populations of peripheral blood mononuclear cells 
(PBMCs) [23]. The latter study noted that while the 
effects appeared limited and did not disrupt key aspects 
of the cellular subpopulation, cell populations show-
ing evidence of cellular stress clustered uniquely from 
healthy cells, allowing for selective filtration. Differ-
ences in thawing and cryopreservation strategies used 
across ours and previous studies are likely to account 
for differences in cellular stress pathway activation; this 
supports the importance of consistency in sample treat-
ment surrounding cryopreservation practice (e.g., tem-
perature control, spin speed, and freezing and thawing 
schedule).

Non-viable cells are readily identified using hemocy-
tometers and dye markers. Generally, we find > 90% cell 
viability in CSF cells. The differences between recovery 
and viability are likely related to the degradation of dam-
aged cells during post-thaw washes. The report by Touil 
et al. [28] also notes higher hemoglobin gene expression 
in fresh samples despite excluding RBCs from analyses. 
Our dataset reveals a similar phenomenon (not shown). 
We further note from other optimization studies in our 
labs that increasing the temperature of centrifugation 
(i.e., room temperature) decreases overall cell viabil-
ity substantially (20–30% pre-freeze), with the greatest 
effect on RBC viability (data not shown). This selective 
effect can mask peripheral blood contamination, lead-
ing to a false interpretation of peripheral contamination 
as CSF-specific cells. Use of an atraumatic LP technique 
and avoiding using the first several mL of collected CSF 
can prevent peripheral blood contamination, and main-
tenance of 4C of the sample through cryopreservation is 
essential. Unbiased identification and filtration of cells 
containing unexpected or ambient gene expression, such 
as hemoglobin, may be practically useful, but should 
also be applied with caution given the underlying pos-
sibility of such findings reflecting peripheral blood con-
tamination. Finally, both groups identified a limited but 
consistent decrease in UMIs and genes from cryopreser-
vation. We find this to be consistent between FBS/DMSO 
and Recovery media as compared to Fresh samples. We 
attribute this to slight RNA degradation occurring in 
the lengthier processing and sample preparation time 
required during thawed samples.

Effects of cryopreservation on cellular proportion
We find very limited effects of cryopreservation on cell 
proportions. A careful evaluation revealed non-statisti-
cally significant relative losses of CD4 + T cells in FBS/
DMSO cryopreserved samples versus fresh samples, with 
sparing of this phenomenon using Recovery media. Oh 
et al. [27] compared Recovery to fresh, and did not evalu-
ate FBS/DMSO. Like our findings, they did not note any 
impact of Recovery media on CD4 + T cells. Rather, they 
noted an overall low proportion of myeloid cells (6%) 
and noted mild losses of myeloid cells post-thaw from 
Recovery cryopreservation. Our study finds greater pro-
portions of CSF myeloid cells (including an average of 
27% monocytes). Several donors had far lower monocyte 
proportions present in their CSF (e.g., CSF F [3%], and 
CSF C [6%]). Our findings are unlikely due to miscall-
ing of cell type, given both the substantial variability of 
monocyte proportions found in our donor population, as 
well as the high mean predicted score (0.87) of Azimuth 
nearest-neighbor calling, and our added validation of the 
Azimuth [32] functions using cell marker genes used for 
cluster labeling in many scRNAseq studies.

Limitations
This study has several limitations. First, we recognize 
that many cells per donor are required to perform com-
parative analyses of freshly run versus cryopreserved CSF 
samples. This may bias our samples towards individuals 
showing CSF pleocytosis, limiting the applicability of our 
results to healthy individuals. Next, although we carefully 
validate our cell populations, a higher standard of cell 
marker-based identification would rely on a transcrip-
tionally-independent means of cell identification, such as 
through simultaneous epitope and transcriptome meas-
urement in single cells (i.e., CITE-seq) [28]. Lastly, while 
we find little impact of cryopreservation on basal CSF 
cell transcriptomics, we cannot account for differences in 
cellular function that would readily be revealed by func-
tional cellular assays [33].

Conclusion
In this methodological study of scRNAseq of CSF cells, 
we find good comparability between cryopreserved and 
fresh preparations. Sufficient starting volumes of sam-
ples, delicate cell isolation, rigid adherence to cryopreser-
vation and thawing steps, and routine quality control 
steps allow for the robust study of CSF cells, allowing for 
reduced assay-based variability, and perhaps allowing 
for great leaps in diagnostic and mechanistic advances 
in many research domains relating to the central nerv-
ous system’s immune milieu. Future studies relating CSF 
cells to peripheral immune cells and spatially anchored 
[38] cells of the CNS and lymphoid tissues will provide 
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valuable context for further understanding this rare and 
fascinating cell population.

Abbreviations
CSF  Cerebrospinal fluid
DMSO  Dimethyl sulfoxide
DNA  For sample designation, samples cryopreserved by addition of 

DNase step to FBS/DMSO
FBS  Fetal bovine serum; for sample designation, samples cryopre‑

served using FBS/DMSO
FRE  Freshly prepared CSF cells (no prior cryopreservation)
LP  Lumbar puncture
NPH  Normal pressure hydrocephalus
PBMC  Peripheral blood mononuclear cell
QC  Quality control
RBC  Red blood cell
REC  For sample designation, samples cryopreserved by using recov‑

ery media
RNA  Ribonucleic acid
scRNAseq  Single‑cell RNA sequencing
UMAP  Uniform manifold approximation and projection
UMI  Unique molecular identifier
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Additional file 1: Fig. S1. Representative images of the CSF cell pellet vis‑
ible post‑centrifugation. See image file. A sample devoid of RBC contami‑
nation is seen on the left, and one with substantial RBC contamination is 
seen on the right. Table S1. Donor demographics and sample informa‑
tion. See Excel file. Subject IDs, Age, Sex, and number of individual reac‑
tions tested from FRE, FBS, REC, and DNA samples listed. Table S2. Quality 
control metrics pre‑ and post‑filtration. See Excel file. QC filtering: Cells 
having 200 – 4500 umi counts, < 20% mito genes detected were retained. 
2000 high variable genes were used for clustering. Columns: Total_cells.
before.filtering: cells pre‑filtering; cells after filtering: cells remaining after 
application of above filters; Total_genes: Genes per sample, avg_numi: 
average number of umi counts before filtering; numi after filtering: aver‑
age number of umi counts after filtering; avg_mito: average mitochondrial 
genes in each sample before filtering; mito after filtering: average number 
of mitochondrial genes in each sample after filtering. Fig. S2. Cellular 
features, UMI, mitochondrial reads, and cellular stress‑related gene expres‑
sion. See image file. All graphs include data from CSF A, B, and C. A–C Den‑
sity plot showing the distribution of the number of transcriptional features 
(genes), number of Unique Molecular Identifiers (UMI), and percentage of 
overall gene expression attributed to mitochondrial genes, respectively. 
D–F Violin plots of HSPA1A, HSPA1B, and HSP90AA1 normalized gene 
expression levels, respectively. Table S3. Cell type designations, propor‑
tions and mean predicted scores. See Excel file. Mean predicted score is 
the Azimuth‑derived confidence score for a given annotation. ‘All’ refers to 
the total of all cell types (L1 or L2). Columns E‑L reference L1 designations 
(used throughout the manuscript), and columns M‑AP list L2 designa‑
tions (not used elsewhere in the manuscript). Summary information for 
samples by fresh or cryopreservation method can be found in the lowest 
rows. Fig. S3. Concordance of cell type markers between cryopreserved 
and freshly run samples. See image file. A UMAP of all CSF cells labeled 
by degree of expression of a combination of CX3CR1, CSF1R, SLC2A5, 
MARCKS, and P2RY13, which has been shown to relate to the microglial 
homeostatic gene signature. B Dot plot comparison of cell‑type specific 
enrichment of marker gene expression in FRE, FBS, and REC protocols for 
samples CSF A, B, and C. Cell‑type specific marker gene expression and 
associated cell types are listed on the y‑axis, and Azimuth reference atlas 
cell designations at L1 resolution are listed on the x‑axis. Table S4. Den‑
drogram adjacency matrix of gene expression by cell type. See Excel file. 
See individual sheets for overall and cell‑specific matrices. The order of the 
donors and fresh/cryopreservation condition is based on the unweighted 
Euclidian distance between samples as visualized on the dendrograms 

(Figs. 3a and S6). Fig. S4. FBS versus Recovery comparisons. See image 
file. A UMAP plot of all the cells in samples CSF A, B, C, D, E, F, and G from 
FBS and REC protocols were annotated to show the cell types that were 
clustered using Azimuth PBMC reference atlas at L1 resolution. B Density 
plot showing the similar distribution of the number of genes, number of 
unique transcripts, and percentage of mitochondrial genes in all the cells 
from FBS and REC protocols in samples CSF A, B C, D, E, F, and G. C Stacked 
bar plot depicting the individual cell type proportions obtained after 
clustering using Azimuth reference atlas at L1 resolution in samples CSF A, 
B C, D, E, F and G from FBS and REC protocols. Fig. S5. FBS versus FBS with 
Dnase (DNA) comparisons. See image file. A UMAP plot of all the cells in 
samples CSF A, C, D, and G from FBS and DNA protocols were annotated 
to show the cell types clustered using Azimuth PBMC reference atlas at L1 
resolution. B Density plot showing the similar distribution of the number 
of genes, number of unique transcripts, and percentage of mitochondrial 
genes in all the cells from FBS and DNA protocols in samples CSF A, B 
C, D, E, F, and G. C Stacked bar plot depicting the individual cell type 
proportions obtained after clustering using Azimuth reference atlas at 
L1 resolution in samples CSF A, C, D, and G from FBS and DNA protocols. 
Fig. S6. Dendrograms of pseudobulk gene expression by cell type and 
cryopreservation condition. See image file. Dendrograms showing the 
hierarchical clustering of relative sample to sample distances in samples 
CSF A, B, and C in FRE, FBS, and REC protocols by cell type. Note the 
companion adjacency matrices found in S4 Table. Fig. S7. Scatter plots 
with correlation statistics of FRE vs FBS and FRE vs REC global gene expres‑
sion in samples CSF A, B and C in CD4 + T‑cells. See image file. Each dot 
represents a single gene. Fig. S8. Scatter plots with correlation statistics of 
FRE vs FBS and FRE vs REC global gene expression in samples CSF A, B and 
C in CD8 + T‑cells. See image file. Each dot represents a single gene. Fig. 
S9. Scatter plots with correlation statistics of FRE vs FBS and FRE vs REC 
global gene expression in samples CSF A, B and C in B cells. See image file. 
Each dot represents a single gene. Fig. S10. Scatter plots with correlation 
statistics of FRE vs FBS and FRE vs REC global gene expression in samples 
CSF A, B and C in monocytes. See image file. Each dot represents a single 
gene. Fig. S11. Scatter plots with correlation statistics of FRE vs FBS and 
FRE vs REC global gene expression in samples CSF A, B and C in dendritic 
cells. See image file. Each dot represents a single gene. Fig. S12. Scatter 
plots with correlation statistics of FRE vs FBS and FRE vs REC global gene 
expression in samples CSF A, B and C in NK cells. See image file. Each dot 
represents a single gene. Fig. S13. Differential gene expression analysis of 
sexually dimorphic genes from fresh and cryopreserved CSF samples by 
cell type. See image file. Heatmaps showing the average log2fold changes 
of the sexually dimorphic genes XIST, KDM4D, UTY, DDX3Y, and USP9Y 
from differential gene expression analysis of Azimuth L1‑defined cell types 
in CSF A, B and C for All samples (FRE, FBS and REC combined), and strati‑
fied by FRE, FBS, and REC.

Acknowledgements
We thank the members of the Alzheimer’s clinical and translational research 
unit (ACTRU) team who supported this study, and specifically: Ms. Kaitlyn 
Moleti, Ms. Lauren Salloum, Ms. Madeline Roberts Ms. Aliyyah Catib, Ms. Briana 
Valli for help during CSF collection, handling, and transport. Sponsors were 
not involved in the design and conduct of the study, collection, management, 
analysis, and interpretation of the data; preparation, review, or approval of the 
manuscript; or decision to submit the manuscript for publication.

Author contributions
MSW, KJ, SD—designed the study. MCK, JA were involved in experimental 
design, performing the experiments and data analysis. EA, RJ, KP, SD analyzed 
the data and generated the figures. MSW, MCK drafted the final manuscript. 
BA, AC, PSM were consulted during the data interpretation. SEA performed 
LPs and provided study oversight. All authors read and approved the final 
manuscript.

Funding
This project was generously funded by: National Institute of Health (nih.
gov)—NIH R25MH094612, T32‑MH112485 U13AG067696, UL1 TR002541 
(MW), NIH NIA‑P30AG062421 (MW, SD, SA); Alzheimer’s Association (alz.org) 
AACSF‑22–970716 (MW) and PTC REG‑20‑ 653582 (SA), Massachusetts Life 

https://doi.org/10.1186/s12974-024-03047-1
https://doi.org/10.1186/s12974-024-03047-1


Page 13 of 14Kodali et al. Journal of Neuroinflammation  (2024) 21:71 

Sciences Center (masslifesciences.com), (MW, SA), Cure Alzheimer’s Founda‑
tion (curealz.org) (MW, SA). OHSU Institutional Support (BA).

 Availability of data and materials
The datasets generated and/or analyzed during the current study are available 
in Gene Expression Omnibus under the accession GSE252701.

Declarations

Ethics approval and consent to participate
Research involving human participants has been performed in accordance 
with the Declaration of Helsinki. The collection of CSF was approved by the 
Mass General Brigham—Institutional Review Board (Protocol #: 2015P000221), 
and written consent was obtained from all subjects.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Neurology, Massachusetts General Hospital, Boston, MA, 
USA. 2 Harvard Medical School, Boston, MA, USA. 3 Neurogenomics Division, 
Translational Genomics Research Institute, Phoenix, AZ, USA. 4 Department 
of Molecular Microbiology and Immunology, Oregon Health and Science Uni‑
versity, Portland, OR, USA. 5 Department of Psychiatry, Massachusetts General 
Hospital, Boston, MA, USA. 6 Department of Behavioral and Systems Neurosci‑
ence, Oregon Health and Science University, Portland, OR, USA. 

Received: 4 October 2023   Accepted: 14 February 2024
Published: 23 March 2024

References
 1. Engelborghs S, Niemantsverdriet E, Struyfs H, Blennow K, Brouns R, 

Comabella M, et al. Consensus guidelines for lumbar puncture in patients 
with neurological diseases. Alzheimer’s Dement Diagn Assess Dis Monit. 
2017;1(8):111–26.

 2. Deisenhammer F, Bartos A, Egg R, Gilhus NE, Giovannoni G, Rauer S, et al. 
Guidelines on routine cerebrospinal fluid analysis. Report from an EFNS 
task force. Eur J Neurol. 2006;13(9):913–22.

 3. Costerus JM, Brouwer MC, van de Beek D. Technological advances and 
changing indications for lumbar puncture in neurological disorders. 
Lancet Neurol. 2018;17(3):268–78.

 4. Rømer TB, Jeppesen R, Christensen RHB, Benros ME. Biomarkers in the 
cerebrospinal fluid of patients with psychotic disorders compared to 
healthy controls: a systematic review and meta‑analysis. Mol Psychiatry. 
2023;1–14. https:// www‑ nature‑ com. ezp‑ prod1. hul. harva rd. edu/ artic les/ 
s41380‑ 023‑ 02059‑2

 5. Olsson B, Lautner R, Andreasson U, Öhrfelt A, Portelius E, Bjerke M, et al. 
CSF and blood biomarkers for the diagnosis of Alzheimer’s disease: a 
systematic review and meta‑analysis. Lancet Neurol. 2016;15(7):673–84.

 6. Horie K, Salvadó G, Barthélemy NR, Janelidze S, Li Y, He Y, et al. CSF MTBR‑
tau243 is a specific biomarker of tau tangle pathology in Alzheimer’s 
disease. Nat Med. 2023;29(8):1954–63.

 7. Agah E, Saleh F, Sanjari Moghaddam H, Saghazadeh A, Tafakhori A, Rezaei 
N. CSF and blood biomarkers in amyotrophic lateral sclerosis: protocol 
for a systematic review and meta‑analysis. Syst Rev. 2018;7(1):237. https:// 
doi. org/ 10. 1186/ s13643‑ 018‑ 0913‑4

 8. Satoh K. CSF biomarkers for prion diseases. Neurochem Int. 2022;1(155): 
105306.

 9. Cummings J, Apostolova L, Rabinovici GD, Atri A, Aisen P, Greenberg S, 
et al. Lecanemab: appropriate use recommendations. J Prev Alzheimer’s 
Dis. 2023;10(3):362–77.

 10. Wright EM. Transport processes in the formation of the cerebrospinal 
fluid. Rev Physiol Biochem Pharmacol. 1978;83:3–34.

 11. Solár P, Zamani A, Kubíčková L, Dubový P, Joukal M. Choroid plexus and 
the blood‑cerebrospinal fluid barrier in disease. Fluids Barriers CNS. 
2020;17(1):35. https:// doi. org/ 10. 1186/ s12987‑ 020‑ 00196‑2.

 12. Ransohoff RM, Engelhardt B. The anatomical and cellular basis of 
immune surveillance in the central nervous system. Nat Rev Immunol. 
2012;12(9):623–35.

 13. Wick M, Gross CC, Isenmann S, Strik H. Liquorzytologie: Standards, Stellen‑
wert und moderne Methoden. Nervenarzt. 2016;87(12):1276–81. https:// 
doi. org/ 10. 1007/ s00115‑ 016‑ 0219‑5.

 14. Esaulova E, Cantoni C, Shchukina I, Zaitsev K, Bucelli RC, Wu GF, Artyomov 
MN, Cross AH, Edelson BT. Single‑cell RNA‑seq analysis of human CSF 
microglia and myeloid cells in neuroinflammation. Neurol Neuroimmunol 
Neuroinflamm. 2020;7(4):e732. https:// doi. org/ 10. 1212/ NXI. 00000 00000 
000732.

 15. Farhadian SF, Mehta SS, Zografou C, Robertson K, Price RW, Pappalardo 
J, Chiarella J, Hafler DA, Spudich SS. Single‑cell RNA sequencing reveals 
microglia‑like cells in cerebrospinal fluid during virologically suppressed 
HIV. JCI Insight. 2018;3(18):e121718. https:// doi. org/ 10. 1172/ jci. insig ht. 
121718

 16. Gate D, Saligrama N, Leventhal O, Yang AC, Unger MS, Middeldorp J, et al. 
Clonally expanded CD8 T cells patrol the cerebrospinal fluid in Alzhei‑
mer’s disease. Nature. 2020;577(7790):399–404.

 17. Piehl N, van Olst L, Ramakrishnan A, Teregulova V, Simonton B, Zhang 
Z, et al. Cerebrospinal fluid immune dysregulation during healthy brain 
aging and cognitive impairment. Cell. 2022;185(26):5028‑5039.e13.

 18. De Graaf MT, De Jongste AHC, Kraan J, Boonstra JG, Smitt PAES, Gratama 
JW. Flow cytometric characterization of cerebrospinal fluid cells. Cytom 
Part B Clin Cytom. 2011;80 B(5):271–81. https:// doi. org/ 10. 1002/ cyto.b. 
20603.

 19. 10X Genomics. Single cell gene expression on more samples with no 
time constraints. 2022. https:// pages. 10xge nomics. com/ rs/ 446‑ PBO‑ 704/ 
images/ 10x_ Produ ct‑ Sheet_ LIT00 0159_ Fixed‑ RNA‑ Profi ling_ Letter_ Digit 
al. pdf.

 20. Wallace A. Single cell gene expression flex: lock in cell states, unlock 
potential. 2022. https:// www. 10xge nomics. com/ blog/ single‑ cell‑ fixed‑ 
rna‑ profi ling‑ lock‑ in‑ cell‑ states‑ unlock‑ poten tiall lace.

 21. Guillaumet‑Adkins A, Rodríguez‑Esteban G, Mereu E, Mendez‑Lago M, 
Jaitin DA, Villanueva A, Vidal A, Martinez‑Marti A, Felip E, Vivancos A, 
Keren‑Shaul H, Heath S, Gut M, Amit I, Gut I, Heyn H. Single‑cell tran‑
scriptome conservation in cryopreserved cells and tissues. Genome Biol. 
2017;18(1):45. https:// doi. org/ 10. 1186/ s13059‑ 017‑ 1171‑9.

 22. Wohnhaas CT, Leparc GG, Fernandez‑Albert F, Kind D, Gantner F, Viollet 
C, et al. DMSO cryopreservation is the method of choice to preserve cells 
for droplet‑based single‑cell RNA sequencing. Sci Rep. 2019. https:// doi. 
org/ 10. 1038/ s41598‑ 019‑ 46932‑z. pdf.

 23. Lee JS, Yi K, Ju YS, Shin EC. Effects of cryopreservation and thawing on sin‑
gle‑cell transcriptomes of human T cells. Immune Netw. 2020;20(4):1–8.

 24. Morsey B, Niu M, Dyavar SR, Fletcher CV, Lamberty BG, Emanuel K, Fang‑
meier A, Fox HS. Cryopreservation of microglia enables single‑cell RNA 
sequencing with minimal effects on disease‑related gene expression 
patterns. iScience. 2021;24(4):102357. https:// doi. org/ 10. 1016/j. isci. 2021. 
102357.

 25. Wu SZ, Roden DL, Al‑Eryani G, Bartonicek N, Harvey K, Cazet AS, Chan CL, 
Junankar S, Hui MN, Millar EA, Beretov J, Horvath L, Joshua AM, Stricker 
P, Wilmott JS, Quek C, Long GV, Scolyer RA, Yeung BZ, Segara D, Mak C, 
Warrier S, Powell JE, O’Toole S, Lim E, Swarbrick A. Cryopreservation of 
human cancers conserves tumour heterogeneity for single‑cell multi‑
omics analysis. Genome Med. 2021;13(1):81. https:// doi. org/ 10. 1186/ 
s13073‑ 021‑ 00885‑z.

 26. Chen D, Abu Zaid MI, Reiter JL, Czader M, Wang L, McGuire P, et al. 
Cryopreservation preserves cell‑type composition and gene expression 
profiles in bone marrow aspirates from multiple myeloma patients. Front 
Genet. 2021;21:12.

 27. Oh H, Leventhal O, Channappa D, Henderson VW, Wyss‑Coray T, Lehal‑
lier B, Gate D. Methods to investigate intrathecal adaptive immunity in 
neurodegeneration. Mol Neurodegener. 2021;16(1):3. https:// doi. org/ 10. 
1186/ s13024‑ 021‑ 00423‑w.

 28. Touil H, Roostaei T, Calini D, Diaconu C, Epstein S, Raposo C, et al. A struc‑
tured evaluation of cryopreservation in generating single‑cell transcrip‑
tomes from cerebrospinal fluid. Cell Rep Methods. 2023;3(7): 100533.

https://www-nature-com.ezp-prod1.hul.harvard.edu/articles/s41380-023-02059-2
https://www-nature-com.ezp-prod1.hul.harvard.edu/articles/s41380-023-02059-2
https://doi.org/10.1186/s13643-018-0913-4
https://doi.org/10.1186/s13643-018-0913-4
https://doi.org/10.1186/s12987-020-00196-2
https://doi.org/10.1007/s00115-016-0219-5
https://doi.org/10.1007/s00115-016-0219-5
https://doi.org/10.1212/NXI.0000000000000732
https://doi.org/10.1212/NXI.0000000000000732
https://doi.org/10.1172/jci.insight.121718
https://doi.org/10.1172/jci.insight.121718
https://doi.org/10.1002/cyto.b.20603
https://doi.org/10.1002/cyto.b.20603
https://pages.10xgenomics.com/rs/446-PBO-704/images/10x_Product-Sheet_LIT000159_Fixed-RNA-Profiling_Letter_Digital.pdf
https://pages.10xgenomics.com/rs/446-PBO-704/images/10x_Product-Sheet_LIT000159_Fixed-RNA-Profiling_Letter_Digital.pdf
https://pages.10xgenomics.com/rs/446-PBO-704/images/10x_Product-Sheet_LIT000159_Fixed-RNA-Profiling_Letter_Digital.pdf
https://www.10xgenomics.com/blog/single-cell-fixed-rna-profiling-lock-in-cell-states-unlock-potentialllace
https://www.10xgenomics.com/blog/single-cell-fixed-rna-profiling-lock-in-cell-states-unlock-potentialllace
https://doi.org/10.1186/s13059-017-1171-9
https://doi.org/10.1038/s41598-019-46932-z.pdf
https://doi.org/10.1038/s41598-019-46932-z.pdf
https://doi.org/10.1016/j.isci.2021.102357
https://doi.org/10.1016/j.isci.2021.102357
https://doi.org/10.1186/s13073-021-00885-z
https://doi.org/10.1186/s13073-021-00885-z
https://doi.org/10.1186/s13024-021-00423-w
https://doi.org/10.1186/s13024-021-00423-w


Page 14 of 14Kodali et al. Journal of Neuroinflammation  (2024) 21:71

 29. Grandi FC, Modi H, Kampman L, Corces MR. Chromatin accessibility profil‑
ing by ATAC‑seq. Nat Protoc. 2022;17(6):1518–52.

 30. 10x Genomics®. Methanol fixation of cells for single cell RNA sequencing. 
2020. p. 1–3. www. 10xge nomics. com/

 31. Hao Y, Hao S, Andersen‑Nissen E, Mauck WM, Zheng S, Butler A, et al. Inte‑
grated analysis of multimodal single‑cell data. Cell. 2021;184(13):3573‑
3587.e29.

 32. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al. 
Comprehensive integration of single‑cell data. Cell. 2019;177(7):1888‑
1902.e21.

 33. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single‑cell 
transcriptomic data across different conditions, technologies, and spe‑
cies. Nat Biotechnol. 2018;36(5):411–20.

 34. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction of 
single‑cell gene expression data. Nat Biotechnol. 2015;33(5):495–502.

 35. Williams G. Data mining with rattle and R: the art of excavating data for 
knowledge discovery. New York: Springer‑Verlag; 2011. p. 374.

 36. Heming M, Li X, Räuber S, Mausberg AK, Börsch AL, Hartlehnert M, 
et al. Neurological manifestations of COVID‑19 feature T cell exhaus‑
tion and dedifferentiated monocytes in cerebrospinal fluid. Immunity. 
2021;54(1):164‑175.e6.

 37. Vawter MP, Evans S, Choudary P, Tomita H, Meador‑Woodruff J, Molnar 
M, et al. Gender‑specific gene expression in post‑mortem human 
brain: localization to sex chromosomes. Neuropsychopharmacology. 
2004;29(2):373–84.

 38. Liao J, Lu X, Shao X, Zhu L, biotechnology XFT in, 2021 undefined. 
Uncovering an organ’s molecular architecture at single‑cell resolution by 
spatially resolved transcriptomics. Trends Biotechnol. 2021. https:// www. 
cell. com/ trends/ biote chnol ogy/ fullt ext/ S0167‑ 7799(20) 30140‑2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

http://www.10xgenomics.com/
https://www.cell.com/trends/biotechnology/fulltext/S0167-7799(20)30140-2
https://www.cell.com/trends/biotechnology/fulltext/S0167-7799(20)30140-2

	Cryopreservation of cerebrospinal fluid cells preserves the transcriptional landscape for single-cell analysis
	Abstract 
	Background
	Main text
	Methods
	Clinical methods
	CSF cell collection and storage
	Cell integration and data processing
	Statistical analysis

	Results
	Donor demographic and clinical characteristics
	Single-cell sample quality control metrics
	CSF cell types
	Effects of cryopreservation method on cellular proportions
	Effects of cryopreservation method on global gene expression
	Effect of cryopreservation on revealing latent sex-linked expression

	Discussion
	Effect of cryopreservation on cellular stress, and sequencing quality
	Effects of cryopreservation on cellular proportion
	Limitations

	Conclusion

	Acknowledgements
	References


