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Continuous-wave near-infrared stimulated-
emission depletion microscopy using
downshifting lanthanide nanoparticles
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Stimulated-emission depletion (STED) microscopy has pro-
foundly extended our horizons to the subcellular level™:,
However, it remains challenging to perform hours-long,
autofluorescence-freesuper-resolutionimaginginnear-infrared
(NIR) optical windows under facile continuous-wave laser
depletion at low power*°. Here we report downshifting lan-
thanide nanoparticles that enable background-suppressed
STED imaging in all-NIR spectral bands (1,0, =808 nm,
Adepletion=1,064nm and 1., =850-900nm), with a lateral
resolution of below 20nm and zero photobleaching. With a
quasi-four-level configuration and long-lived (z > 100 ps) meta-
stable states, these nanoparticles support near-unity (98.8%)
luminescence suppression under 19 kW cm~2 saturation inten-
sity. The all-NIR regime enables high-contrast deep-tissue
(~50 pum) imaging with approximately 70 nm spatial resolution.
These lanthanide nanoprobes promise to expand the appli-
cation realm of STED microscopy and pave the way towards
high-resolution time-lapse investigations of cellular processes
at superior spatial and temporal dimensions.

Organic fluorophores are commonly used for STED micros-
copy and other super-resolution imaging techniques®'2. However,
synchronized intense pulses in STED microscopy are often
employed to compete with fast spontaneous fluorescence kinetics
(k>10%s7")>", resulting in potential phototoxicity, photobleach-
ing and a significant depletion-induced re-excitation (DIRE)
background. Moreover, organic fluorophores often work in the
visible-light region, which reduces their applicability in deep tis-
sues'®. Although spin-forbidden transitions significantly reduce
the emission rates (k <10°s™"), triplet-to-singlet transitions usually
luminesce in low-temperature, anoxic environments". Laporte’s
parity-selection rule implies that electric-dipole 4f-4f transitions
in lanthanide ions are forbidden. However, when the lanthanide
ion experiences non-centrosymmetric interactions, the admix-
ture of opposite parity into 4f wavefunctions can relax the selec-
tion rule and produce long-lived luminescence'*"’. With drastically
stabilized emitting states (r>100ps), lanthanide emitters have

been explored for ultraviolet-visible-NIR lasing”-** and, very

!, Han Feng®, Bengang Xing

4 Min Gu®3%,

recently, photon-avalanching-based super-resolution imaging®.
Furthermore, for emitters with a quasi-four-level energy configu-
ration, the lower-lying level is well above the ground state; thus,
significant population inversion can be sustained by low-power
pumping, and re-absorption of laser radiation in a gain medium
can be avoided completely. For example, neodymium (Nd), featur-
ing efficient stimulated emission, can be used to generate NIR lasing
even under solar-light pumping®’. By principles similar to lasing,
we believe that STED microscopy employing rationally engineered
lanthanide emitters can circumvent the aforementioned funda-
mental constraints and enable long-term background-suppressed
super-resolution imaging with low-power continuous-wave (CW)
lasers in the NIR optical window (Fig. 1a).

To validate our hypothesis, neodymium emitters were randomly
integrated within hexagonal-phase NaYF, nanocrystals with a large
deviation from inversion symmetry (Supplementary Fig. 1)*. The
opposite-parity-state admixing nature in neodymium emitters was
confirmed by density functional theory calculations (Supplementary
Fig.2). When excited at 808 nm (NIR-I), these neodymium-activated
nanocrystals containing hundreds of slow-emitting emitters pro-
duce two intense downshifted luminescence bands, one centred
at 864nm (NIR-I, “F,,—"L,,) and the other at 1,064 nm (NIR-II,
*F;,—"1,,,; Fig. 1b and Supplementary Fig. 3). The 864 nm emission
band was suppressed almost completely by adding a CW 1,064 nm
depletion beam (Fig. 1c). Upon 808 nm excitation, the optimal sam-
ple with 1% neodymium activators achieved an absolute quantum
yield of ~27.6% (Fig. 2a). Moreover, the downshifting luminescence
at 864nm from the NaYF,;:Nd (1%) nanocrystals was nearly four
orders of magnitude brighter than its upconverting luminescence
at 588 nm (Supplementary Fig. 4). The intense downshifting lumi-
nescence can be ascribed to efficient population accumulation at
the *F,, level, since closely spaced high-energy levels suffer rapid
non-radiative relaxation to the metastable state (*F,),).

Next, we investigated the STED features of the as-prepared neo-
dymium STED nanoprobes (Supplementary Fig. 5). The intense
NIR luminescence of all nanoprobes with various neodymium
doping concentrations (from 0.1 to 8%) was drastically suppressed
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Fig. 1| All-NIR quasi-four-level CW STED microscopy. a, Working principle of the low-rate quasi-four-level system mediated by parity-forbidden
transitions for efficient STED. The parity-selection rule of the emitters is partially relaxed at a lattice site without inversion symmetry, showing slow
forced-subshell electronic transitions. A significant population inversion builds up between the long-lived metastable level (E5) and the fast-evacuated
bottom level (E,) of the quasi-four-level system, enabling efficient STED of E;, which largely mitigates the luminescence. The terms ‘u’ (marked in

grey) and ‘g’ (marked in blue) represent the ungerade and gerade parity involved in the transitions, respectively, and ‘u+g' illustrates the possible
opposite-parity-state admixing. DOS, density of states. b, Downshifted luminescence spectrum of neodymium-doped sodium yttrium fluoride
(NaYF,:Nd) nanoprobes under a xenon lamp (~-808 nm, 5mW cm2). The inset shows the corresponding downshifting luminescence pathway. ¢, NIR
luminescence-mediated confocal images of NaYF,:Nd (1%) nanoprobes under 808 nm illumination (left) and 808 nm/1,064 nm co-illumination (right).
The 864 nm emission band was extracted for detection. Pixel dwell time, 100 ps. Scale bar, 1pm. The experiment was repeated three times independently

with similar results.

upon depletion with a CW 1,064 nm beam. The DIRE background
inherent to conventional STED nanoprobes was undetectable
(Fig. 2b). Notably, slight doping with neodymium emitters facili-
tated the depletion processes in the nanoprobes, as indicated by the
L-shaped depletion curves. Reducing the emitter concentration from
8 t0 0.1% enhanced the luminescence depletion efficiency (1) of the
nanoprobes from 91 to 98.2% and diminished the saturation inten-
sity (I,) by one order of magnitude (to ~0.045 MW cm™% Fig. 2¢).
Moreover, when the excitation power was reduced (Fig. 2d),
the depletion efficiency was promoted to 98.8% at ~19kW cm™
saturation intensity, which is almost ten times lower than that
(0.19MW cm™) reported in a previous study involving photon
upconversion® and is over two orders of magnitude lower than that
of an organic dye’ (3.3MW cm™) or nitrogen-vacancy centres”’
(6.6 MW cm™2). Besides, it should be noted that the minimum dif-
fusion and high photostability of the nanoprobes can also contrib-
ute to the high depletion efficiency”*. By contrast, conventional
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organic-dye-mediated STED microscopy is generally limited to a
maximum depletion efficiency of ~90% (refs. >>*).

The superior STED performance of the neodymium STED
nanoprobes is mainly attributable to their unique four-level con-
figuration, which involves parity-conserved f-f transitions (Fig. 3a).
Owing to the partially forbidden f-ftransitions, the metastable-level
(Es, *Fs),) lifetimes of all the prepared neodymium STED nano-
probes were longer than 50ps (Fig. 3b). For nanoprobes with a
low neodymium content, as the increased average emitter dis-
tance (from approximately 1 to 4nm) diminishes cross-relaxation
(Supplementary Fig. 6), the lifetime of the NIR luminescence
can be further prolonged to 400ps, over four orders of magni-
tude longer than that of organic dyes or quantum dots (typically
shorter than 10ns). As corroborated by simulation, a long-lived
metastable level (>10ps) guarantees strong population inversion
in a quasi-four-level energy-state model (Supplementary Fig. 7)°'.
Moreover, unlike conventional four-level fluorescence systems with
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Fig. 2 | Optical switching features of neodymium-activated NIR STED nanoprobes. a, Downshifting luminescence intensities and corresponding absolute
quantum yield of neodymium STED nanoprobes versus the emitter doping concentration (0.1-8 mol%). The inset shows a photograph of NaYF,:Nd

(1%) nanocrystals dispersed in cyclohexane under 808 nm xenon lamp excitation at 5mW cm~2 b, NIR luminescence suppression features of NaYF,:Nd
(x%, x=0.1,0.5,1, 2, 4, 6 and 8) STED nanoprobes upon co-illumination with a CW 808 nm excitation beam (0.3 MW cm~2) and a CW 1,064 nm
depletion beam, where the closed square symbols indicate the depletion beam only. The inset is an enlarged view of the low depletion intensity range.

¢, Saturation intensity (/) and corresponding depletion efficiency (1) versus emitter concentration in the STED nanoprobes. d, Saturation intensity and
depletion efficiency of the neodymium (0.1%) STED nanoprobe versus excitation power (l,,.) at 808 nm. Error bars in b-d are +1s.d. of n=3 independent

measurements, and data are presented as mean values.

a thermally reachable level (E,), neodymium activators feature a
substantial energy barrier (~2,100cm™) between the ground level
(E,) and E,. As such, the thermal population of E, from E, is excep-
tionally inefficient, as evidenced by the temperature-dependent
absorption spectra (Fig. 3¢)™. As the temperature is increased, the
population redistributed in the sub-levels of E,, and the absorbance
gradually declined. Nevertheless, no absorption stemming from the
E,—E, transition can be observed even at 373 K, signifying that E, is
quasi-empty and imparts negligible DIRE to E;. Moreover, as indi-
cated by simulation results (Supplementary Fig. 8), rapid relaxation
to E, promptly evacuated the population accumulated on E,, further
strengthening the quasi-empty nature of E, and mitigating DIRE.
Owing to the significant population inversion and the long-lived
metastable level (E,, “F,,) of the neodymium emitters, their slow
luminescence kinetics (<10*s™") can be readily suppressed by the
depletion beam, resulting in a near-unity depletion efficiency and
negligible background noise. As revealed in experimental and
simulated results (Fig. 3d and Supplementary Fig. 9), the NIR
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luminescence lifetime (*F,, level) declined sharply from 292ps
to below 25ps under a depletion intensity of 0.5 MW cm™. After
increasing the depletion power to 5 MW cm™, the lifetime was fur-
ther reduced to 8.5 ps, indicating that the STED process contributed
97.1% of the overall depopulation process of the metastable level.
Near-unity luminescence depletion is critical for achiev-
ing high-resolution STED imaging because the maximum sup-
pression of luminescence can eliminate background noise and
improve signal-to-noise ratios. Neodymium-activated nanopar-
ticles are highly resistant to surface quenching. Surface passiv-
ation with an optically inert sodium gadolinium fluoride (NaGdF,)
layer does not markedly affect the luminescence of the nanopar-
ticles (Supplementary Fig. 10). This property circumvents the
tradeoff between the high brightness and small physical dimen-
sions of the lanthanide nanoprobes. Small nanoprobes are ideal
for high-efficiency cell labelling. We prepared monodisperse
NaGdF,:Nd (1%) nanoprobes (6.68+0.8nm diameter) on glass
slides for STED imaging (Fig. 4a). Under laser scanning at 808 nm, a
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Fig. 3 | Mechanistic investigation of the neodymium-activated nanocrystals for superior STED. a, Proposed optical emission depletion mechanism of

the NIR downshifting luminescence in the neodymium-mediated STED nanoprobes. b, Metastable-level lifetimes of neodymium STED nanoprobes with
different neodymium doping concentrations (0.1-8%). The inset shows the fitted luminescence lifetime (zg,) values. ¢, Temperature-dependent (293-373K)
absorption spectra of the prepared nanoprobes (40% Nd) dispersed in glycerol. The inset shows the absorption transitions in the neodymium emitters.

d, NIR luminescence lifetime variation of neodymium (1%) STED nanoprobes versus the applied CW depletion power. The inset plots the contribution from
the STED to the overall depopulation processes of the metastable level as a function of the depletion power (note the sharp increase at low power).

diffraction-limited resolution of ~460 nm was measured. This value
was readily sharpened to ~80 nm when a 1,064 nm doughnut beam
(0.5MW cm™) was applied. In addition, in a line-profile analysis of
a selected area containing single nanoparticles, the lateral resolution
even reached below 20nm (19.32nm, I;.,=7.1 MW cm™, ~140 mW
in average power), a 24-fold improvement over the optical diffrac-
tion barrier, or 1/42 of the excitation wavelength (Fig. 4b—d). These
nanoprobes showed no sign of photobleaching after two hours of
irradiation (Fig. 4e). Although fluorescent nanodiamonds with
nitrogen-vacancy centres also present remarkable photostability,
they require harsh synthesis conditions, have a broad size distribu-
tion and a much higher saturation intensity***. Furthermore, as
NaGdF,:Nd nanocrystals offer facile hydrophobic-to-hydrophilic
surface modification and negligible cytotoxicity (Supplementary
Fig. 11a-c), we next implemented STED imaging on immunostained
HeLa cells with microtubules labelled with antibody-conjugated
neodymium STED nanoprobes (Fig. 4f-h and Supplementary
Fig. 11d). As shown in the line-profile analysis, the intracellular
microtubule structures were visualized down to a resolution of 57 nm.

978

For STED microscopy in the visible region, short-wavelength
photons usually lead to phototoxicity and their working depth in
tissue is strongly limited by light attenuation and aberration. For
neodymium STED nanoprobes, with all wavelengths (1,,.=808 nm,
Aem=850-900nm and A, =1,064nm) confined in the NIR win-
dow, the phototoxicity could be efficiently eliminated. To demon-
strate the deep-tissue super-resolution imaging capability, these
nanoprobes were first dispersed on glass slides, and mouse-brain
slices of various thicknesses (5-50 pm) were then placed onto the
nanoprobe-modified slides. These nanoprobes achieved a relatively
consistent resolution of ~70nm deep within the brain tissues with-
out needing aberration correction (Fig. 4i,j and Supplementary
Fig. 12). The high resolution of the neodymium STED nanoprobes
in deep tissues was attributed to two factors: the high signal-to-noise
ratio induced by the largely mitigated light attenuation and the
reduced chromatic aberration due to a subtle refractive-index
difference between the NIR light beams™*.

In conclusion, our quasi-four-level neodymium-activated
downshifting nanoprobes have achieved near-unity (>98%)
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Fig. 4 | Low-power full-NIR CW STED imaging of subcellular structures and deep-tissue super-resolution imaging. a, Measured lateral resolution
enhancement versus depletion power. The CW 808 nm excitation was maintained at 0.1 MW cm~2. Pixel dwell time, 100 ps. Error bars, +1s.d. of n=3
independent measurements. FWHM, full-width at half-maximum. The inset shows the TEM image of NaGdF,:Nd (1%) nanoprobes producing the shown
super-resolution data. b,c, Confocal (b) and super-resolution (¢) images of NaGdF,:Nd (1%) nanoprobes. The excitation and depletion intensities were 0.1
and 7Z1MW cm~?, respectively. The regions enclosed by the dashed boxes are magnified in the corresponding right panels. Left scale bars, 500 nm; right scale
bars, 200 nm. Pixel dwell time, 100 ps. The experiments in b and ¢ were repeated three times independently with similar results. d, Normalized intensity
profiles along the dashed lines crossing a single nanoparticle in b and c. e, Time recording of NIR luminescence intensity under 808 nm excitation and
808/1,064 nm co-irradiation on a single spot for two hours. f,g, Standard (f) and super-resolution mode (g) imaging of Hela cells stained with neodymium
STED nanoprobes. Left scale bars, 10 pm (original images); right scale bars, 2 um (enlarged images). The experiments in f and g were repeated three times
independently with similar results. h, Intensity profile analysis of selected areas from f and g. i, Imaging comparison between the standard confocal and
super-resolution modes using the developed nanoprobes at different depths beneath mouse-brain slices. Scale bars, 500 nm. j, The corresponding FWHM
fromi. Error bars in j are defined as +1s.d. of n=3 independent measurements, and data are presented as mean values.

depletion with a saturation intensity of ~19kWcm™. The slow
parity-forbidden transitions of the quasi-four-level neodymium
emitters enable a stable emitting state with significant population
inversion without a thermally coupled re-excitation background,
mitigating the fundamental constraints of low depletion efficiency,
low imaging depth and high saturation intensity. This class of nano-
probes is not limited to nanoparticles activated with lanthanide ions,
but can be extended through rational ligand-/crystal-field engineer-
ing. For instance, numerous transition metals can be integrated
into nanoscale frameworks such as nanocrystals, organometallic
complexes and metal-organic frameworks. Further developments

NATURE NANOTECHNOLOGY | VOL 16 | SEPTEMBER 2021 | 975-980 | www.nature.com/naturenanotechnology

in luminescent nanoprobe labelling with improved bioconjugation
efficiency and minimized non-specific binding are likely to enable
multiplex target detection and long-term tracking of subcellular
bio-events in deep tissues”’. Meanwhile, the viability of low-power
CW illumination can significantly miniaturize the size and cost of
the imaging system and promote the development of compact and
possibly portable STED microscopes.

Online content
Any methods, additional references, Nature Research reporting
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Research sample
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Research sample Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
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the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
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Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
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Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| |:| ChlIP-seq
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Animals and other organisms
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Fixed Hela cells are used for labeling with nanoparticles.




Authentication Cell lines used were authenticated.

Mycoplasma contamination Cell lines were not tested for mycoplasma contamination for nanoparticle labeling.

Commonly misidentified lines
(See ICLAC register) None.

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
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Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

[ ] National security

|:| Crops and/or livestock
D Ecosystems
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Other impacts Describe any other significant impacts.

Hazards Please describe the agents/technologies/information that may pose a threat, including any agents subject to oversight for dual use research of
concern.

For examples of agents subject to oversight, see the United States Government Policy for Institutional Oversight of Life Sciences Dual Use Research of Concern.

Experiments of concern
Does the work involve any of these experiments of concern:

Yes

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Other combinations | Describe any other potentially harmful combination(s) of experiments and agents.

Precautions and benefits

Biosecurity precautions | Describe the precautions that were taken during the design and conduct of this research, or will be required in the communication and
application of the research, to minimise biosecurity risks. These may include bio-containment facilities, changes to the study design/
methodology or redaction of details from the manuscript.

Biosecurity oversight Describe any evaluations and oversight of biosecurity risks of this work that you have received from people or organizations outside of
your immediate team.

Benefits Describe the benefits that application or use of this work could bring, including benefits that may mitigate risks to public health,
national security, or the health of crops, livestock or the environment.

Communication benefits | Describe whether the benefits of communicating this information outweigh the risks, and if so, how.

ChlIP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.
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Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.




Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to

(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents. 8
c

Methodology @
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Replicates Describe the experimental replicates, specifying number, type and replicate agreement. §
o

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and =
whether they were paired- or single-end. -

-

Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot o
number. =
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Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files LE
used. 3

3

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment. Q)
S

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).
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Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,

slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.
Diffusion MRI [ ]Used [ ] Not used

Parameters | Specify # of directions, b-values, whether single shell or multi-shell, and if cardiac gating was used.
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Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Describe how anatomical locations were determined (e.g. specify whether automated labeling algorithms

Anatomical location(s o
(s) or probabilistic atlases were used).

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

D |:| Graph analysis

D |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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