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• Rare cell analysis: background and keypoints

• Main problems in the detection of such cells

• Possible solutions: from hardware to software

• Rare cells in the immune system: the case of iNKT cells

• Rare cells in the immune system: the case of CEC
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• >30 years ago: enumeration of fetal red blood cells 
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• >30 years ago: enumeration of fetal red blood cells 
in the maternal circulation at a frequency of 
1/10,000 to 1/100,000 by Cupp.

• Now: detection and quantitation of several rare cell 
populations in blood or bone marrow.

• Essential tool in the diagnosis and monitoring of 
hematological cancers and immunological disorders, 
as well as in the identification of Ag-specific cells.

BACKGROUND



• Rare-event analysis is the art of finding a 
needle in a haystack

WARNING



• Rare-event analysis is the art of finding a 
needle in a haystack

• The frequency of the event of interest, and 
the signal-to-noise ratio of the method used 
to detect the event are the two most 
important factors.

WARNING



• ‘‘Rare-event analysis’’: detection of events that occur 
at a frequency of 1 in 1,000 (0.1%) or less, although 
the record claimed in the literature has long stood at 1 
cell in 10,000,000 (0.00001%) for tumor cells spiked 
into peripheral blood.
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• ‘‘rare-event analysis,’’: detection of events that occur 
at a frequency of 1 in 1,000 (0.1%) or less, although 
the record claimed in the literature has long stood at 1 
cell in 10,000,000 (0.00001%) for tumor cells spiked 
into peripheral blood.

• Detecting an event at low frequency requires a high 
signal-to-noise ratio and the acquisition of a large 
number of events.

KEY POINTS



• Ag-specific T cells

• NKT and iNKT cells

• Circulating endothelial cells and precursors

• Stem cells (CD34+)

• Particular lymphocytes subpopulations

• Circulating tumor cells

• Polyfunctional assays

• ..........

IMMUNOLOGIST'S INTERESTS



Open pre-analytical questions

• How much blood from patients?



• How much blood from patients

• Lack of available standardized method

Open pre-analytical questions



• How much blood from patients

• Lack of available standardized method
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Enrichment methods for the detection of rare antigen-specific T cells

Direct Indirect

MHC-multimers

Pros

Cons

Activation independent

High specificity

Knowledge/availability of MHC/epitope

Restricted to single epitope specificities

No functional status of the cells

Detection of low-affinity cells difficult

T cells
detected

Naive

Memory

Treg

Cytokine secretion assay

CD154 enrichment (6h)

CD137 enrichment (16h)

Detection of the whole antigen-specific CD4+ T cell response
Fast 

Pros

Mainly restricted to CD4+ T cellsCons

T cells
detected

Naive

Memory

Detection of the whole antigen-specific T cell responsePros

Cons

T cells
detected

Not compatible with cytokine analysis

No differentiation between Treg and Tconv cells

Naive

Memory

Isolation of cytokine producing subsets

Restricted to few selected cytokine producers

Pros

Cons

T cells
detected

Memory



• How much blood from patients

• Lack of available standardized method

• Enriched or non enriched populations

• How many markers/colors

Open pre-analytical questions



• How much blood from patients

• Lack of available standardized method

• Enriched or non enriched populations

• How many markers/colours

• How many cells  

Open pre-analytical questions



• How much blood from patients

• Lack of available standardized method

• Enriched or non enriched populations

• How many markers/colours

• How many cells  

• Exclusion of doublets, dead cells and debris: 

use of a DUMP CHANNEL

Open pre-analytical questions



Number of events to acquire

Poisson 
statistics 
applied

Counting randomly 
distributed cells in 
a certain volume

The Poisson statistic is a discrete probability distribution that:  

• Expresses the probability of a given number of events 
occurring in a fixed interval of time and/or space if these 
events occur with a known average rate and independently 
of the time since the last event.

• Can be used for the number of events in other specified 
intervals such as distance, area or volume.



Number of events to acquire

A few notes concerning Poisson statistics. Consider the general case of 

enumerating a total of N events, of which R meet a certain criterion 
(positives). The proportion of positives, P=R/N, will also be the probability 
of any particular event being observed as positive 0≤P≤1, which is clearly 
related to the random manner in which cells are selected for analysis. 

As with all statistical distributions, the variance, Var, is a fundamental 
parameter and, for the binomial, is defined as follows: Var(R) = NP(1-P)

The standard deviation, SD, is the square root of the variance

The coefficient of variation (CV) is the SD expressed as a percentage 

of the population: CV = (SD*100)/R

These simple equations can now be used to examine some practical 
situations.



EXAMPLE: Consider a preparation of human peripheral blood mononuclear 
cells labeled with an antibody to detect B cells. 
Flow cytometry then indicates that 10% of the cells present are positive for 
this marker, so that:  P=0.1 and P(1-P)=0.09

If three data sets were collected for 1,000, 5,000 and 10,000 events, 
we would expect to observe 100, 500 and 1,000 positive cells 

with variances of 90, 450 and 900, respectively.
Expressed as SD, these would be 9.5, 21.2 and 30 

and as CVs 9.5, 4.2 and 3.

Good experimental practice within the biological field usually 
results in CVs on the order of 5%.

Number of events to acquire



Frequency 10%

Events N 1,000 5,000 10,000

Positive R 100 500 1,000

Proportion P 0.1 0.1 0.1

Variance 90 450 900
Var(R) = NP(1-P)

SD 9.49 21.21 30.00

CV 9.49 4.24 3.00
CV = (SD*100)/R

Number of events to acquire



Frequency 1%

events N 1,000 5,000 10,000 100,000

Positive R 10 50 100 1,000

Proportion P 0.01 0.01 0.01 0.01

Variance 9.9 49.5 99.0 990.0

SD 3.15 7.04 9.95 31.46

CV 31.46 14.07 9.95 3.15

Number of events to acquire



Frequency 0.1%

events N 100,000 1,000,000 401,000

Positive R 100 1,000 401

Proportion P 0.001 0.001 0.001

Variance 99.9 999,0 400.6

SD 9.99 31.61 20.01

CV 9.99 3.16 4.99

Number of events to acquire



Frequency 0.01%

events N 100,000 1,000,000 10,000,000

Positive R 10 100 1,000

Proportion P 0.0001 0.0001 0.0001

Variance 10.0 100.0 999.9

SD 3.16 10.00 31.62

CV 31.62 10.00 3.16

Number of events to acquire



• No reason to fix a threshold for the number of events below which any frequency

must be considered ‘‘negative’’.

• if adequate negative controls are set, "positivity’’ can be determined after

comparison of the measurements (i.e., positive minus negative, namely positive minus

the background), using standard statistical tools to compare the frequencies.

• If T cells from "n" unvaccinated controls show no activation, while T cells from "n"

vaccinated individuals do, even low frequencies can be taken as positive.

Roederer M., Cyt Part A, 73A: 384-385, 2008 

Numbers of events to acquire
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• Which instrument, and which performances

• Flow cytometer rates of acquisition

• Maximize the signal-to-noise ratio of the cells 

of interest from the background

• Data acquisition: instrument clean and the 

background level of noise is below the 

threshold

• Spill over and carry over

• Adequate software

Open analytical questions



• Debris exclusion

• Single/doublets discrimination-> FSC-A vs FSC-H

• Dead cells exclusion-> FSC/SSC vs. Viability dye

• DUMP channel (cell type of interest vs. irrelevant)

• Exclude events during fluidic issues -> TIME gates

• Remove fluorochrome aggregates -> “Keeper gate”

Gating strategy: useful guidelines



Our previous experience
Polyfunctional analysis of Ag-specific cells

2012



invariant Natural Killer T (iNKT) cells

• Type I NKT cells; 0.001-3% of human PBMC.

• Expression of semi-invariant Vα24Jα18 TCR and a variety of

other receptors associated with NK cells.

• Recognition of glycolipid antigens presented by the non-

classical MHC class I molecule CD1d.

• Divided into functionally distinct CD4+, CD8+, and CD4-CD8-

subsets.

• Rapid production of large amounts of cytokines upon

activation in response to iNKT cell antigen (a-galcer).

regulatory immune functions



MULTIPLE SCLEROSIS (MS)

• Chronic progressive inflammatory 

demyelinating disease affecting the CNS

Activated inflammatory cells

Damage to the myelin sheath 

impaired conduction of electrical signals to 

and from the CNS

• About 2.5-3 million people affected 

worldwide



NKT cells and MS

Berzins SP., Nat Rev Immunol. 2011  





Gating strategy
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% of iNKT cells does not change among MS 
patients, but the phenotype changes



Gating strategy
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GATED ON CD4+ iNKT CELLS

GATED ON CD8+ iNKT CELLS

GATED ON CD4-CD8- iNKT CELLS
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Cytokine production by CD8+ iNKT cells is skewed
toward IL-17 production in MS patients



GLA IFN-b NAT

CD4+CD8-

CD4-CD8+

CD4-CD8-

IFN
IL-4
IL-17
TNF
Slice

Pie Chart 
Arc 
Legend

Natalizumab induces a decrease in DN iNKT cells
producing IL-17, TNF-a, and IFN-g
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and HIV+ patients with ratio <0.4 (group 
A) and >1.1 (group B). 

Activation and exhaustion run in parallel 
in cells of the innate and adaptive 
immunity
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Activation and exhaustion run in parallel 
in cells of the innate and adaptive immunity



• CECs and EPCs are extremely rare events 
(0.1 – 0.0001% in buffy coat)

• Absence of standardized protocol

• Lack of unique markers

• The needle and the damage done (by the 
venipuncture)...

Circulating Endothelial Cells (CEC)
Circulating Endothelial Cell Precursors (EPC)  



Circulating Endothelial Cells (EPC) and

matured Endothelial Cells (CEC)

Diagnostical and prognostical potential
Microvascular disorders 
Cancer load 



Pitfalls of FACS analysis

1.EPCs and CECs are extremely rare events (0,1 - 0,0001%)

2. Standardized protocol?

3. Lack of relevant markers



Curr.Protoc.Cytom.52:9.33.1-9.33.11. 2010
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WHICH	IS	THE	ROLE	OF	CIRCULATING	
FIBROCYTES,	ENDOTHELIAL	CELLS	AND	
THEIR	PRECURSORS	IN	THE	
PATHOGENESIS	OF	IDIOPATHIC	
PULMONARY	FIBROSIS?
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De Biasi et al., 
BMC Medicine 2015



Effects of therapies in Patients with IPF 
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Human papilloma virus vaccination induces strong human 
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Rainone, Veronica; Giacomet, Vania; Penagini, Francesca; 
Fabiano, Valentina; Calascibetta, Francesca; Mameli, Chiara; 
Pisanelli, Stefania; Zuccotti, Gian Vincenzo; Clerici, Mario; 
Trabattoni, Daria

AIDS 29(6):739-743, March 27th, 2015.

doi: 10.1097/QAD.0000000000000597

HPV T cell specific response 
ART-treated 

HIV-infected young adults
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VIABILITY MARKER?
Number of event acquired? 



Methods

• 30 mL of blood from patients and healthy subjects before the vaccine administration and after 1 year;

• PBMCs isolation and storage in liquid nitrogen;

• Thawed PBMCs; rested for 16hrs and then stimulated for 16hrs with 1mg/ml of HPV16 L1 and HPV18 L1 (JPT) 
and 1mg/ml of anti-CD28; Brefeldin A added in the culture media. Stimulation with anti-CD3/CD28 (1mg/ml) 
used as positive control; 

TARGET LABEL

LIVE DEAD AQUA RT

CCR7 BV421 37°C

CD4 AF700 RT

CD8 APC-CY7 RT

CD45RA PE RT

CD3 PE-CY5 INTRA

IFN-G FITC INTRA

TNF-A BV605 INTRA

IL-2 APC INTRA

IL-17 PE-CY7 INTRA



Antibody titration
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• Studying rare cells requires careful attention,  
optimal methodologies in all phases, including 
collection of biological samples, adequate 
software and hardware.

• I have shown you some examples (besides Ag-
specific cells) that could be of interest for 
immunologists. 

• "Next generation" instruments that work at a 
very high speed and sensitivity are now allowing 
an easy detection and analysis of such cells.

CONCLUSIONS
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Near to the limit…
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