The role of flow cytometry in the
measurement of FMH



Feto-maternal Haemorrhage (FMH)

e Why test for FMH &=

e Basis for FMH tests o/ ‘\ ‘,_h

* Change in practice in the UK S < ‘
— FC as reference technique ) y
— UK NEQAS (FMH)

— BCSH guidelines
e Use of FC to resolve anomalies

e New developments



Feto-Maternal Haemorrhage (FMH)

Fetal red cells cross the placenta into the

maternal circulation

During pregnancy
— Amniocentesis, cordocentesis
— Antepartum haemorrhage/ PV bleeding in pregnancy
— External cephalic version
— Fall, abdominal trauma
— Intrauterine death and still birth
— In-utero therapeutic interventions (transfusion, surgery)
— Miscarriage
— Therapeutic termination of pregnancy
At delivery - most likely time for FMH



FMH at Delivery

e Fetal cellsin the Estimates of the extent of FMH at
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The problem with Rh D

D is the most immunogenic red cell antigen

e Fetal D+ cells cross the
++ placenta to D- mother’s
circulation
D antigen is recognised by
mother’s immune system
 Mother is ‘sensitised’
e Subsequent exposures
+ - e |gG anti-D can be produced
(responder)



Once immune anti-D is produced

e |gG anti-D crosses the placenta (IgG1 and 1gG3) and binds
to the baby’s D+ red cells

 Red cells are phagocytosed and
removed by the liver or spleen

 Hbis broken down to
unconjugated billirubin

* Potential for severe HDFN




Effects of HDFN

Hypdrops

Haemolysis, leading to enlarged liver
and spleen and anaemia

Hypoxia leading to breakdown of the
sodium pump in cells, heart failure

and fluid build up

High levels of unconjugated billirubin
leading to jaundice and brain damage

Recognised as aspects of same process
in 1930s




Anti-D prophylaxis

e 1960s human anti-D from immunised volunteers
shown to remove D+ cells from the circulation

 No proven mechanism but phagocytosis of IgG coated
cells by macrophages in red pulp of the spleen is the
most likely

 Translated into anti-D Ig prophylaxis programme

“In the current era of stringent regulatory controls, it is unlikely that
such an innovative medicine as Rh Ig prophylaxis could now be

given to pregnant women without accurate knowledge of its
mechanism of action or disease eitiology.”
BM Kumpel 2006




Anti-D prophylaxis in the UK
Standard doses

1969 post natal
anti-D policy introduced

1976 + for miscarriages
and abortions

1981 + for sensitising
events in pregnancy

Late 90s + routine antenatal
Prophylaxis (NICE rec. 2002)
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Deaths per 1000 births

Great success story!

Obstetric Deaths - UK

800,000 pregnancies per year

2.0

1.8
16 ~13,000 deaths per year
1.4
1.2 ~9,000 deaths per year
1.0
0.8
0.6

0.4

0.2

Rh Ig prophylaxis

15 - 20 deaths per year
0.0
1950 1960 1970 1980 1990 2000

Year
andy Miller, 2009



Standard Anti-D Prophylaxis

e Potentially sensitising events:
before 20 weeks (2501U)
after 20 weeks (5001U)

e Routine antenatal
prophylaxis (RAADP):
5001U (min) at 28 & 34 weeks
or 1500 at 28 weeks

e At delivery (min 5001U)




... But sensitisation still occurs

D negative women not identified and counselled

D positive blood components transfused

*RAADP not given either because it is missed, refused or not offered
*Anti-D Ig not given for sensitising events in pregnancy, or post delivery

°FMH in the absence of observable sensitising events

125IU anti-D Ig clears
1mL FMH

(packed fetal red cells)




FMH testing -difference cord vs. adult RBCs

HbF D antigen
e |n fetus Where FMH testing is for anti-D
— Synthesis of HbF 6-7/40, with prophylaxis

max expression 16-30 weeks,
declines to 50-95% at term

e Normal adult

— <1% and heterocellular (in
0.5-7% red cells)

e Raised HbF in adults

— Hereditary persistence HbF
(HPFH)

— Haemoglobinopathies

e Mother D negative
e Baby D positive



Early anti-D based FMH methods

* Rosetting

e Screen>10mL

e Aggregation D pos cells coated
with anti-D

e count clumps in Ipfs

e DiaMed FMH test

e Inhibition of measured anti-D
reagent by fetal D pos cells

* Semi quantitative screen
£ | P2 Ineg [OL% 02% 04%

ST R (B3 I T
B . .ol

Neither currently used in UK



FC method (anti-D marker)

Generic method:

e Wash cells to remove debris, some
platelets and WBC

e Add cells to FITC conjugated anti-D

e Incubate

 Wash and re-suspend red cells in PBS
e Gate red cells on log/log FS /SS

e Calculate proportion of events in FL1
channel Formula:

PERCENTAGE FETAL CELLS x 1800x 122

100 100

Used in the UK for routine FMH
testing for anti-D prophylaxis
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HbF flow cytometry method

e Wash cells
e Fix:0.05% gluteraldehyde

e Permeablise : 0.1% Triton
+ wash

e Stain :FITC conjugated
anti-HbF

 Analyse

*Sensitive to concentration of glutaraldehyde or other fixatives
*RBC aggregates

eAfter centrifugation for washing
ePatient samples received post-transfusion

*Fixation increases auto florescence requiring additional gating
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Adult F cells - FC anti-HbF

e Variation in HbF levels and intensity of staining by individual,
makes accurate separation of cord cells more difficult

HbF_neg._RBCs
Homocellular type

Fetal_RBCs

Heterocellular type

fetal_cells

Not recommended in the UK for routine FMH testing for anti-D
prophylaxis



FC markers for FMH — specific uses

_ Anti-HbF

e Routine FMH testing  FMH where fetus may not
be D positive, or where the
mother is D positive

— Unexplained stillbirth

* Detecting minor D pos
population of RBCin D neg

women with childbearing _
— Intrauterine death

potential: ,
o — Fetal anaemia
— Following inadvertent D . .
positive RBC transfusion * Resolving anomalies
transplantation with a D anti-D markers

positive donor



Acid elution HbF/HbA (Kleihauer 1957)

Blood films are fixed in alcohol then
‘eluted’ at acid pH

The Kleihauer-Betke Test

Film counterstained with eosin _

Bright pink fetal cells
. ™ -~

HbF resists elution (pink),
HbA eluted (ghost cells)

- Matermal ghost cells

Count fetal / adult cells

Calculate the FMH using Mollison’s
formula:

Volume of packed fetal cells (in mL):
= 1800 x 122 x 100 x number of fetal cells
100 92 number of adult cells




Problems with acid elution

| FO L O e Sample preparation
s S e Counting

| e Calculation

e Adult HbF cells

‘Clearly the KB is not an assay that
technologists look forward to
performing or have supreme

confidence in the results’
Bruce Davis (Lab medicine CE update June 2007)



CLINEQAS
UK NEQAS FMH Pilot Scheme 1996-98

D negative adult cells spiked with D positive fetal cells

FMH 2 Sample B (9 mL)

FMH 1 (9mL) .
n =204

60 1 reported range = <0.6 to 88.0 ml 54 ] n =204
median = 13.0 ml 04 reported range = 2.0 to 55.0 ml

35 median =12.2ml

50 | |
40
28

0-4 5-7 8-10 11-13 14-16 17-19 20-22 22+
0-4 5-7 8-10 11-13 14-16 17-19 20+ Bleed (mL)

Bleed (mL)

Bunderdose

Boverdose

FMH2 A FMH2 B



CLINEQAS
UK NEQAS (FMH) Substantive Scheme
April 1998

CPA accredited 1999

D negative adult donations spiked with D+ cord cells
255 participants (27 flow cytometry) in 1998
Screening, quantitation, anti-D dose, follow-up

Started with ‘target’ values, moved on to method
medians as performance improved

Performance monitoring
Quantification (mL FMH) initially



BCSH
FMH Guidelines 1999

e Standardised methods for detecting and estimating the
volume of fetal cells in the maternal circulation

— AE based on HbF
— FC based on monoclonal anti-D

e Calculation based on Mollison’s formula

e Recommendations for follow-up

— Confirmation of original sample with 2" method if
positive

— Repeat maternal samples after additional anti-D

British Committee for Standards in Haematology Transfusion Medicine 1999; 9: 87-92



Flow cytometry (FC)

e Recommended

reference method

e More accurate in theory
— FMH ‘rare event’ analysis N\
— Examining many more cells N\

— Guidelines recommend “ .
collecting 500,000 events L

000000000000000000

e Less subjective than AE e




CLINEQAS
UK NEQAS FMH — 1998 Q Flow

18 responses
18 different formulas for calculating FMH!
15/18(83%) gate red cells

— 3 ‘automatically’
— 12 manually around red cells using FSC/SSC

15/18 (83%) subtract background

Number of events collected:
<100,000

100,000-250,000

250,000-500,000
>500,000

Ul U1 W N



FC with Anti-D BRAD3-FITC

(1996;36:432-7) Transfusion (1999) Transfus Med (abstract)
P Lloyd-Evans, B Kumpel, | Bromelow, E Austin, E Taylor. P Lloyd-Evans, E Austin, J Gilmour, M Scott.
BRAD-3 FITC (anti-D) AEVZ5.3 FITC (negative control)

1% fetal D+ RBC in adult D- RBC

1% fetal D+ RBC in adult D- RBC

‘Isotype matched’ control introduced for BRAD3-FITC reagent




1999 UK NEQAS FC wet workshop
IBGRL Bristol

e Invited UK NEQAS participants to test samples with their own
and a standard guideline based method using BRAD3-FITC

— Number of events counted

— Tight gates around red cells

— Positioning of markers

— Sample preparation— preferential loss of cord cells
— Methods involving partial fixation

— Calculations

Showed standard guideline method to give better results




CLINEQAS
UK NEQAS FMH 1999 - 2009

Screening

Bleed volume (mL fetal cells)

— Accurate result on which to calculate D dose
Anti-D dose given (IU)

— Correct calculation

Follow-up sample requested?

— To make sure fetal cells have cleared

Refer for flow cytometry?
— Confirmation of accuracy of AE result or screen



% Participants

CLINEQAS

Referral for FC has increased over time

120.0%

100.0%

80.0%

60.0% -

40.0% -

20.0% -

0.0% -

Follow-up for medium bleeds (method median 11-15 ml) where reported bleed was more than that
covered by standard dose

== Refer for FC %
R Request repeat %

e | inear (Refer for FC %)

e |_inear (Request repeat %)

0004F1 0102F2 0204F2 0301F1 0403F1&2 0502F 1&2

Survey code & specimen



% of participants

CLINEQAS

Follow up increases with bleed size

120%
100%
80%
= Refer for Flow %
I Request Repeat %
60% A .
= Linear (Request Repeat %)
= Linear (Refer for Flow % )
40% -
20% A
0% -

6ml 5ml 5ml 8ml 8ml 9Iml 11iml 12ml 24ml 30ml 30ml
'Target' bleed ml



CLINEQAS
Improved CV by Flow cytometry and AE

0.50
0.45
0.40 -
0.35 -
0.30 -
0.25 -
0.20

Sample range 12- 16mL

Increasing referral for flow
& AE CV . . .
——FCCV with increased confidence
Linear (AE CV) in method

Linear (FC CV)

0.15 ~
0.10 -
0.05 -
0.00

AE screening — but still hit
and miss

0.50 -

e Samples 20 mL Need standard method for
0.40 o
screening

0.35

030 1 == AE CV
0.25 |

0.20 | e Apply rare event principle
Linear (AE CV)
from FL to AE quant

0.15 -
0.10 -
0.05 -

000 +———77T T T T T T T T T T T T T T T T T T T T T
A A T A TP T - SN R

A ARG A I AR A VR RV AR
S RS S ARSI
PP EE S E PP

Linear (FC CV)




Updated FMH BCSH guidelines 2009

 Semi quantitative screen method given
e Referral for FL confirmation if:

— Semi-quant screen positive (>2mL)
— Any fetal cells seen in non-quant screen

— AE quantitation >2mL

 Follow up FMH >4mL confirmed by FL, regardless of size of
standard anti-D dose

e Specific advice about communication to support clinical
decision making

e Audit of process

British Committee for Standards in Haematology www.bcshguidelines.com




If AE and FL results differ?

e Get a new sample and consider:

— ?Wrong sample referred for flow

e Re-test other FMH samples from batch

— ?Baby mistyped as D positive

— ?Baby is partial D

— ?Mother

e Re-test by
additional

nas raised HbF

ooth methods and employ

~C techniques



FMH test -D- (or .D.) baby (bright child!)

B .

98.9%

f

1.8%

C

98.2%

—_—

10® 10" 10° 10*

-

T T R
an' 1n?

Maternal sample FMH 0 mL

1% D+ control

Move markers...

FW-SC

000

100

10

Total: 64997

1000

1 10 100

Normal full term delivery
Mum O RhD-

Baby O RhD+

“Elevated Kleihauer”

Case and images from Mark Williams NHSBT Leeds

FMH

Anti-D 41mL
(Anti-HbF 48mL)
Mean peak values

R,r 55.4

R.r 146.3

Dad 191.3

Cord 216.7




LI NEQAS
0602F P1 FC results (median 16mL)

3 | e Cord = partial DIVa
6 - e Mutations at exons 2, 3 and 9 of
5 | the RHD gene
No. Laby e Loss of epitopes 1, 2,3 and 9 (6
mP1 in 30 epitope model)

BP3| | « Associated with cDe haplotype

e Linked to low frequency antigen
— Go? (RH30)

* Mostly found in people of black
African origin - relatively rare

N W
| |

[EEN

(@)

0 10 12 13 14 15 16 17 18 19 20 22 23 26
mL

One anti-D reagent in use not detecting partial DIVa

e Could a DIVa cause sensitisation?

 No direct evidence, but potentially immunogenic as most epitopes present

 One reported case of DIVa fetus immunising D negative mother with HDN in
Su bsequent pregnancy (Mayne K, Bowell P et al Br J Haematol 1990; 76(4) 537-9)




Apparent large FMH (~60 ml) by AE)

F cells

FITC-BRAD-3

High F cells detected (HPFH) No FMH

Slide from Belinda Kumpel IBGRL Bristol FLIH




Anti-HbF / CA

Porra V, et al.Identification and quantification of Fig. 3
fetal red blood cells in maternal blood by a dual-
color flow cytometric method:

Transfusion 2007; 47 [7]. 1281-9).

e CAisoenzymes CA1 and CAll

e Start to be expressed in RBC of
newborns

S5L0G >
ERPRIPITY i/ EEPEY -+ IR -/ BRI -/

e Reach adult levels at 6 months

e 100 x expression adult cells cf. fetal cells

e Gate out adult F cells

) Mumber
A -uﬁ@mﬁmﬁm‘ﬁuhwﬁmnm¢

e Complex test not in routine use in UK
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? WBCs causing high background

2010 Biomedical Scientist. H Baxter, T Lakum, C le Maitre (Sheffield)
“Background may be due to non-specific uptake of anti-D by WBC.

e Concerns around high background with BRAD3-FITC and AEVZ
matched control

e Leucodepleted 6 adult samples spiked with cord cells
e Anti-HbF CA flow assay and anti-D assay
e Background reduced in all samples

 Strong evidence for interference by WBC

= FH Sample JLS200112 100511 PBS BSA-Patient Tube 1 = FiH Sample JLE200112 100511 PES BSA-Patient Megative Control

hE IG1 Rh D Negative Gb RH D Positive i IG1 Rh D Megative 1G2 Rh D Pogitive
= =5
GEE GEE

e k E

= ||2|||||||||||||||||||2 T T T T “la T T Ill|‘ T TTTTT 5 T 3 T AL R T T T TT1TTT] T T T TTIIT L TTTTT T
a0f 0 A0 10 10 10 a0t 0 10f 10
Anti-D FITC-A Anti-D FITC-A
Images from Lynne Porter - WBS




Transfus Med. 2013 Jun;23(3):175-86. doi: 10.1111/tme.12030. Epub 2013 Apr 11.

Quantitation of fetomaternal haemorrhage and F cells in unusual maternal blood samples by flow
cytometry using anti-D and anti-HbF.

Kumpel BM, Macdonald AP, Bishop DR, Yates AF, Lee E.

International Blood Group Reference Laboratory, NHS Blood and Transplant, Bristol, UK.

e 37 unusual FMH cases referred to IBGRL

e Technical pros and cons of HbF vs. anti-D

* Anti-D best for routine FMH for anti-D prophylaxis
 HbF useful in specific situations

 Confirmed problem with WBC (specifically
neutrophils) binding variably to BRAD-3 and AEVZ
control reagent

e |IBGRL developing a new BRAD3-FITC / CD66b blended
reagent to gate out WBC



Current reagents and method used for FMH quantitation by flow cytometry,
Patient X

giving erroneously low FMH result

FITC-BRAD-3 (anti-D)
_g & _ &
N 3 0.48%
FS Log oo B T P
FL1 Log FLl1log (FITC-
BRAD-3)
FITC-AEVZ5.3 (negative control)
o o w
— — (@]
% 1IJ1—E ﬁ 101—E - 101—E
= o 0.34%
1|J°E 7§H3 |
S Log o e
55 Log FL1 Log FL1log (FITC-
: AEVZ5.3)
“Patient does not need
additional prophylactic BRAD-3 minus AEVZ5.3 = 0.48% - 0.34% = 0.14% = 3.1 mL FMH
anti-D” Slide from Belinda Kumpel / Matt Hazell IBGRL.




Anti-D FITC, CD66b PE blended reagent that identify and eliminate FL2+ neutrophils from
giving accurate FMH quantitation Patient X

analysis,

FITC-BRAD-3 (anti-D) + PE-anti-CD66b

[A] SS Log/FL2 Log - ADC

[A] FL1 LogFL2 Log - ADC [A AND B] FL1 Log - ADC

[Ungated] FS Log/SS Log - ADC
108 = 108 108
E : SH1 H2 =
| . 3
1l]2—§ 1|]2_E ."]2_5 o _F
= - =3 - = - T
i 101_; 5 101 E 101 =
A T : z : i 0.22%
i {
1|J°E mg_f
10° 10" 102 10 10° 10" 10° 10
FeLog S5 Log FL1Log FL1Log
FS Log SS Log FL1 Log FL1 Log (FITC-
BRAD-3)

BRAD-3 + CD66b = 0.22% = 4.8 mL FMH

“Patient does need additional
prophylactic anti-D”

Slide from Belinda Kumpel / Matt Hazell IBGRL.




FLZ Log

FMH sample stained with FITC-anti-HbF Patient X

10° =
3C1 o2 =
- =
- Uy
102 = |
101 < Neutrophils
E T 4.5% }
- = — F
- _ Maternal  0.24%
R |
1l]”—EC3 . It:4_ F cells Fetal
- i, Fetal n cells
= i i cells
555 (0.24%) —
Porrnnnm L T 1 1T 1ortn AL AL T 1 T 11711
“‘ 10° 10° 10° 102 10°
FL1Log FITC-anti-HbF FL1Log  FITC-anti-HbF
FL1/FL2 dot plot showing autofluorescent neutrophils and FL1 histogram with quantitation of F cells and
RBC with variable HbF content fetal cells (after elimination of autofluorescent

neutrophils)

Independent confirmation of

. . 0.24% fetal RBC = 5.3 mL FMH
FMH using fetal haemoglobin

Elevated maternal F cells (4.5%): (F cells usually < 2.5%)

Elevated neutrophil count (23.8 x 10%/L)

Slide from Belinda Kumpel / Matt Hazell IBGRL.




UK NEQAS sample 1303F P1

BRA

FiiH Patient MEQAS 1303F Patient 1-Patient

w
a
F1 RECs
=+
o a
&
(U T
m 2
(]
a
|||||||| T |||||||| T I._Iklllllll..l illlllll T
10° 10’ e 10°
FSC-A
FliH Patient hEQAS 1303F Patient 1-Patient Tube 1
o T F - -
iy, 3 Wihite Cells
o E—E
= b=
=
LDMCI__
573 Red Cells _
=
< =
g |||||||| T |||||||| 1 |||||||| I |||||||| T
10 10 10 10
SEC-A
FiH Fatient MEQAS 1303F Patient 1-F:
< - 5
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Anti-D FITC-A

D3-FITC, CD66b-PE

FMH Patient MEGQAS 1305F Patient 1-Fatient Tube 1

=E 162 RAD Positve
£ 2
= -
2 53
o — 3
29 | 1G1 Rh D Negati
‘:'_:-'_me'r"]mm“l I |||||||| 1 |||||| I |||||||| |
s 105007 10 10* 10°
Aniti-D) FITC-#,

Experiment Name:
Specimen Mame:

FhH Direct Test Anti-D BRAD3 T Anti-C ..
FhH FPatient MEQAS 1303F Patient 1

Tuhe Mame: Fatient Tuhe 1
Record Date: May 3, 2013 11:11:13 AW
PATIEMT MAME: Fatient 1
DATE QF BIRTH:
SAMPLE 1D: 1303F P1
FATIEMNT ID: F1
HOSPITAL: MEGAS

Anti-D FITC-A
Population #Ewents %Parent hean
B r1 RBCs 499 584 44 92 2145
B 161 Rh D Megative 496,637 494 41 a8
B Red Cells 4992245 449 93 206
B 1G2 Rh D Positive 2,854 0.avy 20716
B wihite Cells am 0.0a 12,072

Images from Lynne Porter - WBS




Conclusions - testing

e Anti-D marker best for FMH for anti-D
prophylaxis

e Anti-HbF useful addition to resolve anomalies

e Developing new / improved reagents



FC as reference technique has driven change in practice,
with evidence from UK NEQAS (FMH) and BCSH guidance

UK NEQAS (FMH) UK registrations 2004-2013
* Most significant FMH by

AE is confirmed by FC
e 1303FFCMM =12.7
99% refer for FC

—
T~—, e 1302FFCMM =45

150 ——AE Quant 90% refer for FC
== FL Quant

i Aksaeenonly 1 e Evidence of need for
50 - referral 4mL

gttt e CVs UK NEQAS data

250 -

200 -

100 -

0 ' | | | ' - - e Study NHSBT Leeds
3/50 referrals <4mL
37 UK flow registrations by AE but >4mL FC

26 also registered for AE quantitation

2004 2006 2008 2010 2011 2012 2013

3 hospital labs registered for flow only

7 reference centres
1 UK NEQAS in-house registration




UK NEQAS (FMH) performance monitoring
for acid elution laboratories

Screen a samples

Quantification
Triggered?

Clinical

significance

Satisfactory Unsatisfactory How much

anti-D?
No

Request __ <___Insufficient/ \Suﬁicient

Repeat? FC median FC median
No !

!

Satisfactory

Satisfactory

|
Accuracy
-

© 3'5 Outlying

results

Unsatisfactory



Other applications of FC red cells

Anti-D quantitation

Zygosity of antigens

Detecting antigens with low site density
— weak A or B, weak D

Mixed cell population

— Transfusion, HSCT, Genetic chimerism

ABO antibody quantitation



LI NEQAS

ABO titration to support ABOi renal

e Situation similar to FMH?

transplant

e Pilot UK NEQAS scheme ABO titration
e Same effect reliable FC ref method improving

practice...?

% Laboratories

. f
(ST~ <

S

Fig 1: P1 anti-A AT
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